Purdue University

Purdue e-Pubs
Open Access Dissertations

Theses and Dissertations

January 2015

Shelf-Life Improvement of Distillers Wet Grains
with Solubles
Janie Denise McClurkin-Moore
Purdue University

Follow this and additional works at: https://docs.lib.purdue.edu/open_access_dissertations
Recommended Citation
McClurkin-Moore, Janie Denise, "Shelf-Life Improvement of Distillers Wet Grains with Solubles" (2015). Open Access Dissertations.
1128.
https://docs.lib.purdue.edu/open_access_dissertations/1128

This document has been made available through Purdue e-Pubs, a service of the Purdue University Libraries. Please contact epubs@purdue.edu for
additional information.

Graduate School Form 30
Updated 1/15/2015

PURDUE UNIVERSITY
GRADUATE SCHOOL
Thesis/Dissertation Acceptance
This is to certify that the thesis/dissertation prepared
By

Janie Denise McClurkin-Moore _______________________________________________________

Entitled

For the degree of

Doctor of Philosophy__________________________________________________

Is approved by the final examining committee:

To the best of my knowledge and as understood by the student in the Thesis/Dissertation
Agreement, Publication Delay, and Certification Disclaimer (Graduate School Form 32),
this thesis/dissertation adheres to the provisions of Purdue University’s “Policy of
Integrity in Research” and the use of copyright material.

Approved by Major Professor(s):

_______________________________________

Approved by:
Head of the Departmental Graduate Program

Date

ii

SHELF-LIFE IMPROVEMENT OF DISTILLERS WET GRAINS WITH SOLUBLES

A Dissertation
Submitted to the Faculty
of
Purdue University
by
Janie Denise McClurkin-Moore

In Partial Fulfillment of the
Requirements for the Degree
of
Doctorate of Philosophy

December 2015
Purdue University
West Lafayette, Indiana

iii

I would like to dedicate this thesis to my Lord and Savior Jesus Christ, without whom I
never would have made it this far. I would also like to dedicate this to my family,
especially my Father and Mother, Joseph and Barbara Johnson, my dear siblings, nieces,
nephews. I dedicate this to the love of my life, my husband, Derrick, for pushing me and
helping me to press on until the end. Derrick, I love you so very much! Lastly, I would
also like to dedicate this to the Church of the Living God International, Incorporated and
Bishop Dr. Joseph White.

iv

ACKNOWLEDGEMENTS

“The function of education is to teach one to think intensively and to think
critically…Intelligence plus character-that is the goal of education” Dr. Martin
Luther King Jr.
I would like to express my gratitude to those who helped make this experience
possible. Thank you to everyone at North Carolina A&T State University and Purdue
University who helped propel me to the next level. I would like to thank my family for all
of your support. Aside from those this work is dedicated to, I would like to thank my
Grandmother Janie for always believing I was the greatest, you will always be
remembered. To my Aunt Earline for standing in my grandmother’s place! To my Uncle
Clyde and Aunt Juathawala, we know I would have only been an attorney if it had not
been for your guidance. Thank you to my church family The Church of the Living God
International Inc., especially Bishop Dr. Joseph White, for your continued prayers. This
work would not have been possible without the guidance of Dr. Klein Ileleji, thank you
for believing in me. Thank you to Dr. Kevin Keener, Dr. Tamilee Nennich and Dr.
Richard Stroshine for serving on my advisory committee and assisting me along the way.
I would also like to thank those who provided funding, test samples, and test equipment.

v
I would like to thank Battelle Memorial Institute (Columbus, Ohio) for donating
time and use of their ELISA Reader, in particular Dr. Jane Fife for arranging use and Stacy
Dean for training on the system.
To my mentors, Dr. Michael Harris, Dr. Monica Cox, Dr. Kathy Sears-Dixon, Dr.
Ignacio Camarillo, Dr. Crystal Lucky, Drs. Eric and Christiana Russell, thank you for
everything.

vi

TABLE OF CONTENTS

Page
LIST OF TABLES .............................................................................................................. x
LIST OF FIGURES ......................................................................................................... xiii
LIST OF ABBREVIATIONS ........................................................................................... xv
ABSTRACT ..................................................................................................................... xvi
CHAPTER 1.

INTRODUCTION ................................................................................. 1

1.1

Introduction .......................................................................................................... 1

1.2

Research Hypothesis and Goals ........................................................................... 6

1.2.1

Research Objectives ...................................................................................... 6

1.3

Dissertation Outline .............................................................................................. 7

1.4

References ............................................................................................................ 9

CHAPTER 2.
2.1

TREATMENT OF DWG: LITERATURE REVIEW ......................... 12

Distillers Wet Grains .......................................................................................... 12

2.1.1

Dry-Grind Production of Ethanol and Distillers Grains ............................. 12

2.1.2

Chemical and Nutritional Composition ...................................................... 16

2.1.3

Feed refusal and Spoilage Issues ................................................................ 20

2.2

Microbiological Growth ..................................................................................... 22

2.2.1

Common stored grain mold ........................................................................ 23

2.2.2

Mycotoxins ................................................................................................. 25

2.2.3

Factors associated with microbial proliferation in DWG ........................... 27

2.2.4

Shelf-life ..................................................................................................... 29

2.3

Treatment Technologies ..................................................................................... 33

2.3.1

Ozone and High Voltage Atmospheric Cold Plasma .................................. 34

2.3.2

Treatment of Grains .................................................................................... 39

vii
Page
2.4 Overview ............................................................................................................ 39
2.5

References .......................................................................................................... 41

CHAPTER 3.
3.1

SHELF-LIFE OF DISTILLERS WET GRAINS WITH SOLUBLES 56

The effect of temperature and CDS on the shelf-life of DWG stored

aerobically .................................................................................................................... 57
3.1.1

Problem statement and Objectives .............................................................. 57

3.2

Background......................................................................................................... 58

3.3

Materials and Methods ....................................................................................... 60

3.3.1

Sample preparation and Storage tests ......................................................... 61

3.3.2

Pre and post analysis of stored samples ...................................................... 62

3.3.3

Statistical Analysis ...................................................................................... 65

3.4

Results ................................................................................................................ 66

3.4.1

Changes of moisture content, water activity, pH and fat acidity during

storage

.................................................................................................................... 66

3.4.2

Changes in microbial and mycotoxin levels during storage ....................... 75

3.5

Discussion........................................................................................................... 77

3.6

References .......................................................................................................... 85

CHAPTER 4.

THE EFFECT OF IONIZATION AND RAPID COOLING WITH

CO2 AND THEIR COMBINATION ON SHELF-LIFE OF DWG................................. 91
4.1

The effect of ionization and CO2 and their combination on shelf-life of DWG 92

4.1.1

Problem Statement and Objectives ............................................................. 92

4.2

Background......................................................................................................... 92

4.3

Materials and Methods ....................................................................................... 98

4.3.1

In-Package Treatments................................................................................ 98

4.3.1.1

High Voltage Atmospheric Cold Plasma ................................................ 98

4.3.1.2

Combination CO2 and HVACP ............................................................. 100

4.3.1.3

CO2 Modified Atmosphere.................................................................... 100

4.3.1.4

Control ................................................................................................... 101

4.3.2

Shelf-life measurements............................................................................ 101

viii
Page
4.3.3

Assessment of shelf-life for treatments..................................................... 103

4.3.4

Statistical Analysis .................................................................................... 103

4.4

Results .............................................................................................................. 104

4.4.1

Ionization Treatment: HVACP ................................................................. 112

4.4.2

CO2 Treatment: CO2.................................................................................. 116

4.4.3

Combination Treatment: HVACP and CO2 combination ......................... 117

4.5

Discussion......................................................................................................... 119

4.6

Conclusion ........................................................................................................ 124

4.7

References ........................................................................................................ 126

CHAPTER 5.

IDENTIFICATION AND EVALUTION OF CRITICAL

TREATMENT PARAMETERS USING HIGH VOLTAGE ATMOSPHERIC COLD
PLASMA (HVACP) FOR INCREASE IN SHELF-LIFE OF DISTILEERS WET
GRAINS…………… ...................................................................................................... 132
5.1

Evaluation of critical parameters for high voltage atmospheric cold plasma

treatment of distillers wet grains. ............................................................................... 134
5.1.1
5.2

Background....................................................................................................... 137

5.2.1
5.3

Problem Statement and Objectives ........................................................... 134
Potential for use ........................................................................................ 139

Materials and Methods ..................................................................................... 142

5.3.1

Evaluation of field exposure, package gas, and treatment time as critical

parameters using methylene blue discoloration ....................................................... 142
5.3.2

Evaluation of bag size (volume), amount of sample and analysis delay time

as critical parameters for HVACP treatment on DWG. .......................................... 145
5.3.3

Evaluation of the effect of HVACP on DWG quality and its efficacy based

on grain depth as critical parameter. ........................................................................ 147
5.3.4
5.4

Statistical analysis and model development ............................................. 149

Results and Discussion ..................................................................................... 150

5.4.1

Evaluation of field exposure, package gas, and treatment time as critical

parameters using methylene blue discoloration ....................................................... 150

ix
Page
5.4.2

Evaluation of bag size (volume), amount of sample and analysis delay time

as critical parameters for HVACP treatment on DWG. .......................................... 154
5.4.3

Evaluation of the effect of HVACP on DWG quality and its efficacy based

on grain depth as critical parameter. ........................................................................ 158
5.5

Significant Findings and Conclusions .............................................................. 167

5.6

References ........................................................................................................ 169

CHAPTER 6.

SUMMARY AND CONCLUSIONS ................................................ 173

6.1

Thesis Overview ............................................................................................... 173

6.2

Major Findings of the Objectives investigated ................................................. 174

6.2.1

Objective 1: The effect of temperature and CDS on the shelf-life of DWG

stored aerobically ..................................................................................................... 174
6.2.2

Objective 2: The effect of HVACP and CO2 and their combination on the

shelf-life of DWG .................................................................................................... 174
6.2.3

Objective 3: Identification and evaluation of critical treatment parameters

for increase in shelf-life of distillers wet grains ...................................................... 175
6.3

Future Work...................................................................................................... 177

x

LIST OF TABLES

Table ..............................................................................................................................Page
Table 2.1 Variation in DDGS Nutrient Digestibility and Availability, Lemenager et al.
(2002). ............................................................................................................................... 18
Table 2.2 The number and percentage of corn DDGS lots containing mycotoxin levels
less than 1.0 μg/g, 1.0 to 5.0 μg/g, greater than 5.0 μg/g but less than 10.0 μg/g, and 10 or
more μg/g. These categories were selected based on U.S. FDA action levels for DON,
and FAO for ZON. Mycotoxins were detected and quantified using GC-MS from 141
corn DDGS lots in 12 states in the U.S. in 2011............................................................... 27
Table 3.1 Statistical Analysis for DWG at 3 different blends stored for 7 days at 3
different temperatures. ...................................................................................................... 68
Table 3.2 Sample analysis for DWG at 3 different blends stored for 7 days at 3 different
temperatures. ..................................................................................................................... 69
Table 3.3 Microbial Analysis for DWG at 3 different blends stored for 7 days at 3
different temperatures. ...................................................................................................... 75
Table 3.4 Equilibrium Moisture Content (EMC), Minimum relative humidity (RH) for
Corn Germination, Temperature (Minimal, Optimal and Maximum), Optimal pH, Water
Activity, CO2 levels for three mold species to grow on DWGS. ...................................... 77
Table 4.1 Statistical Analysis for treated DWG stored for 0, 7, 14, 21 and 28 days at 2
different temperatures ..................................................................................................... 106

xi
Table ..............................................................................................................................Page
Table 4.2 pH values for treated samples and the control stored at 10°C and 25°C over 28
day period........................................................................................................................ 106
Table 4.3 Moisture content values for treated samples and control stored at 10°C and
25°C over 28 day period. ................................................................................................ 107
Table 4.4 Microbial Analysis (CFU/g) for Treated Samples stored at 10°C & 25°C .... 110
Table 4.5 H2O2 for Treated Samples stored at 10°C & 25°C ......................................... 110
Table 4.6 Log Reduction of microbial load (CFU/g) values for days 0, 7, 14,
21 and 28 ......................................................................................................................... 114
Table 5.1 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “air” for samples “in” the field......................................................... 151
Table 5.2 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “MA” gas “in” the field.................................................................... 151
Table 5.3 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “air” for samples “out” of the field. ................................................. 152
Table 5.4 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “MA” gas “out” of the field. ............................................................ 152
Table 5.5 Log reduction of microbial load (CFU/g) after HVACP treatments at 3 different
times and two different bag sizes. ................................................................................... 156
Table 5.6 Log reduction of microbial load after HVACP treatments of 3 different times
and stored for 2 different testing delay periods before running analysis. ....................... 158
Table 5.7 Statistical Analysis for treated DWG with different depths stored for 0, 14 and
28 days at 1 temperature. ................................................................................................ 160

xii
Table ..............................................................................................................................Page
Table 5.8 Moisture Content (M.C.), pH and Aflatoxin levels for untreated and HVACP
treated samples stored for 0, 14 and 21 days with three different depth levels of product
tested. .............................................................................................................................. 161
Table 5.9 Chemical composition (%W/W) of high voltage atmospheric cold plasma
(HVACP) treated and untreated distillers grains samples stored for 0, 14, and 28 days.163

xiii

LIST OF FIGURES

Figure .............................................................................................................................Page
Figure 2.1 Ethanol and related coproducts production process diagram (adapted from
Lardy, 2003)...................................................................................................................... 13
Figure 3.1 Studentized residuals for moisture content...................................................... 71
Figure 3.2 Fat acidity tests: picture of color standard compared (right beaker of left
picture, a) and extract from DWGS (left beaker of left picture) in FA titration of DWGS
sample stored at 20°C for 7 days. ..................................................................................... 72
Figure 3.3 Comparison of changes in CO2 for 0% CDS inclusion at varying temperatures.
........................................................................................................................................... 73
Figure 3.4 Comparison of changes in CO2 for 20% CDS inclusion at varying
temperatures. ..................................................................................................................... 74
Figure 3.5 Comparison of changes in CO2 for 30% CDS inclusion at varying
temperatures. ..................................................................................................................... 74
Figure 3.6 Moisture sorption relationships of DDGS at varying temperatures (after
Kingsly et al., 2009) .......................................................................................................... 79
Figure 4.1 Schematic diagram of a high voltage atmospheric cold plasma system. Note
that image is not to scale (adapted from Lu et al., 2013). ................................................. 99
Figure 4.2 Graphical Representation Microbial Analysis (CFU/g) for Treated & Control
Samples Stored at 25°C with error bars .......................................................................... 108

xiv
Figure .............................................................................................................................Page
Figure 4.3 Graphical Representation Microbial Analysis (CFU/g) for Treated & Control
Samples Stored at 25°C with error bars .......................................................................... 109
Figure 4.4 Graph of log reduction of treated samples on day 0 and day 28. .................. 115
Figure 5.1 Critical parameters for the HVACP system and product quality characteristics
which affect the shelf-life of distillers wet grains. .......................................................... 136
Figure 5.2 SEM image of Penicillium spp. grown on Distillers Wet Grains (0% CDS) and
stored at 0°C for 60 days. (a) Treated with ozone at 60ppm for 30 minutes. (b) Untreated
......................................................................................................................................... 141
Figure 5.3 Schematic diagram of a high voltage atmospheric cold plasma system. Note
that image is not to scale (adapted from Lu et al., 2013). ............................................... 144
Figure 5.4 Image of DWG grain depth test container distinguishing the three different
depth levels (depth 1 at top: 1 cm, depth 2 in the center: 1.5 cm, depth 3 on the bottom: 2
cm). ................................................................................................................................. 148
Figure 5.5 Methylene blue discoloration after treatment with HVACP system at 70kV for
various times: 0 sec (dark blue), 120 sec, 240 sec and 360 sec (very light blue); from left
to right. ............................................................................................................................ 151
Figure 5.6 Chemical structure of methylene blue ........................................................... 153
Figure 5.7 Microbial log reduction as a function of treatment time and amount of sample
......................................................................................................................................... 165
Figure 5.8 Log reduction as a function of DWG depth (inches) over time (days). ........ 166
...............................................................................................................................................

xv

LIST OF ABBREVIATIONS

ACP – Atmospheric Cold Plasma
AFLA - Aflatoxin
CDS – Condensed Distillers Solubles
DDGS – Distillers Dried Grains with Solubles
DON - Deoxynivalenol
DWG – Distillers Wet Grains
DWGS – Distillers Wet Grains with Solubles
EMC – Equilibrium Moisture Content
HVACP – High Voltage Atmospheric Cold Plasma
MWDG – Modified Wet Distillers Grains
ZON - Zearalenone

xvi

ABSTRACT

McClurkin, Janie D. Ph.D., Purdue University, December, 2015. Shelf-life improvement
of distillers wet grains with solubles. Major Professor: Klein E. Ileleji

Distillers wet grains with solubles (DWGS) is a co-product of the ethanol
production using the dry-grind process. DWG is widely used as a feed and supplemental
protein source in North American cattle rations. However due to its short shelf-life, 3-4
days in the summer and 7-10 days in the winter, its use is limited to cattle feeding
facilities within close proximity to an ethanol production plant. It is known that the shelflife of DWGS in the summer diminishes drastically compared to DWGS in the winter.
This effect is primarily due to temperature, which drives mold growth in high moisture
feedstocks. Therefore, the overall goal of this dissertation research was to increase the
shelf-life of wet distillers grains by a factor of three from its current 3-4 days in warm
summer conditions and 5-7 days in cold winter conditions. The first objective was to
understand and quantify the effect of temperature (10, 20, and 25°C) and condensed
distillers solubles (CDS) levels [0, 20, 30g/100g of Distillers Wet Grains (DWG)] on the
shelf-life of DWGS under warm and cool aerobic storage conditions. Sample conditions
which indicate shelf-life such as moisture, pH, fat acidity (FA), fungal growth and
mycotoxin levels were measured in the DWGS samples before and after seven days of
storage under three storage temperature levels (10, 20, and 25°C). We found that changes

xvii
in temperature had the most significant effect on sample conditions (P<0.05). After seven
days of storage, moisture content and water activity decreased with increase in
temperature. We found fat acidity increased after seven days of storage and pH, fungal
growth and mycotoxin levels increased with temperature. It was concluded that after
seven days of storage at both warm and cool aerobic storage conditions, desired sensory,
chemical, physical and microbiological characters were not retained. DWGS deteriorated
less at 10°C than at 20°C and 25°C, likewise we saw less deterioration in 0 (g/100g) CDS
than in 20 (g/100g) and 30 (g/100g) CDS. Additionally, deterioration and levels of three
mycotoxins (aflatoxin, fumonisin and zearalenone) of DWGS stored under cool and
warm conditions for a 7 day period were quantified.
With the aforementioned knowledge, Objective 2 investigated in-package
treatments of DWG using high voltage atmospheric cold plasma (HVACP) treatment in
atmosphere modified with 65% CO2. The primary purpose was to increase product shelflife by 3-4 fold. The treatments investigated were 1) in-package HVACP in an air gas
blend, 2) CO2 modified atmosphere and 3) a combination of the two (1 and 2). Treated
samples and controls were stored for 0, 7, 14, 21, and 28 days at 10°C and 25°C posttreatment, after which treated samples were measured for mold growth as indicated by
pH, moisture and microbial load (CFU/g) in order to determine if shelf-life was extended.
We found that treatments had a significant effect on shelf-life as indicated by CFU/g
(P<0.003) and pH (P<0.0001). The combination treatment preserved the sample for 28
days with a 2.36 log (10°C) and 1.20 log (25°C) reduction in the microbial load,
respectively, compared to the untreated samples. The in-package HVACP treatment alone
resulted in a .34 and .59 log reduction after 28 days storage while CO2 treatment alone

xviii
resulted in a 1.55 and .77 log reduction. The study showed the shelf-life of DWG (at 6065% moisture) can be extended 3-4 fold for up to 28 days at 10°C and 21 days at 25°C by
using a combined treatment of HVACP and CO2.
In order to understand the efficacy of HVACP in reducing the microbial loads of
DWG, the efficacy of HVACP in and out of the plasma field and the optimum treatment
time (120s, 240s and 360s) were determined using the percentage of methylene blue
discoloration and microbial loads (Log10 CFU). In Objective 3, the goal was to identify
and evaluate critical parameters that increase the shelf-life of DWG. The critical
parameters investigated were the gas composition, the effect of in-the-field and out-ofthe-field sample exposure, sample bag size (volume), sample weight, treatment time,
analysis delay time, and sample depth on HVACP efficacy. It was found that HVACP
treatment did not affect product quality as indicated by chemical composition (protein,
moisture, fat, fiber, ash and amino acid profiles). The results confirmed previous research
on the inactivation of microbial species on DWG by HVACP treatments that increased
shelf-life over an extended period of 28 days. However, variations in treatment time and
package fill gas can have a significant effect on the microbial load reduction. This
research is a first-step in understanding the efficacy of HVACP treatment of a wet
granular feedstock and its potential for use in grain commodity. The results provide
valuable data that can be used to design the scale-up of the HVACP generation system
for commercial applications to wet feeds. In concluding, the research showed that
HVACP treatment of DWG can lead to extended shelf-life, improved microbiological
safety of the product and therefore reduce storage losses.
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CHAPTER 1. INTRODUCTION

1.1

Introduction

The Renewable Fuels Association reported that there were nearly 200 operating
ethanol plants in the United States in 2014, which produced 14.3 million gallons of
ethanol (RFA, 2014) primarily from No. 2 yellow shelled corn. This means there was
35.5 million metric tons of the co-product, distillers grains, a high-quality feed, in the
2012/2013 marketing year, of which about 40% was wet or modified distillers’ grains.
The net corn use in 2012/2013 exceeded 13 million bushels, of which 12% was used for
ethanol and feed co-products such as distillers wet grains (DWG) (RFA, 2012; RFA,
2013). Ethanol plants earn 10 to 40% of their revenue from distillers grains, depending on
various parameters (Rosentrater et al., 2008). While most co-products from corn ethanol
are sold as distillers dried grains with solubles (DDGS), a 14 million ton per year
production with a selling price of ~$150 per ton (Wu et al., 2008), there is a market for
selling the product wet to local cattle feeding facilities. Distillers wet grains and
condensed distillers solubles (CDS) are mixed with silage and other feed ingredients for
ruminant livestock feed. The primary challenge of using DWG, as a wet product, is its
very short shelf life, 3-4 days in the summer and 7-10 days in the winter. The short shelflife limits its market radius to cattle feeding facilities near the ethanol production facility.

2
Therefore, increasing the shelf-life of DWG will allow for utilization at cattle feeding
facilities beyond the current market radius.
There are two main methods for converting corn grain to fuel ethanol, namely: the
wet milling process and the dry-grind process (USGC, 2012). Both focus on extracting
starch from corn and producing ethanol, while the remaining unfermentable portion of
the corn kernel constitutes the co-product distillers grain. The wet milling process is
designed for recovery and purification of starch as well as germ, gluten, fiber and steep
liquor (Ramirez et al., 2008). The primary co-products from this process are corn gluten
feed, corn gluten meal, and corn germ meal. The dry-grind process involves the following
steps: grinding, cooking, liquefying, saccharifying, fermenting and distilling (USGC,
2012). The end products are DWG and CDS, which when mixed and dried to
approximately 10-12% moisture, are known as dried distillers grains with solubles
(DDGS). It should be noted that the other main co-product from the ethanol production
process is CO2, which is produced by the yeast during fermentation, in approximately the
same proportion as ethanol.
Currently only livestock operations within the immediate vicinity of the ethanol
plants use the wet co-product as feed, mainly due to the fact that DWG deteriorates
within a short time during storage (Tjardes et al., 2002; Kalscheur et al., 2005).
Prolonging the storage life of DWG or potentially any wet feedstock will reduce the
delivery frequency, and reduce drying cost. Likewise this will increase the market radius
further from the ethanol plant. This will drastically increase the conservation of energy
in ethanol production by providing opportunities for ethanol plants to sell their distillers
grains wet instead of expending energy in drying. Energy in drying DWG with solubles
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(DWGS) using primarily natural gas, a fossil fuel, is one of the major costs in ethanol
production and avoiding drying will positively affect the net energy balance of corn
ethanol production. Additionally, drying often results in heat-damaged protein, which
reduces amino acid availability and decreases product quality. Therefore, DWG are more
desirable than DDGS from a nutritional aspect (Belyea et al., 1998; Rosentrater et al.,
2005). Also, if the shelf-life of DWG is increased, the grains can be transported longer
distances and kept for longer periods of time. At the same time, farmers, especially small
livestock farmers will benefit from the increased shelf-life and improved performance
gained by using this product. Figure 1.1 summarizes the consumption of distillers grains
by various animal species.
After starch extraction, nutrients are increased threefold (Klopfenstein et al., 2007),
this makes distillers grains a favorable feed source. Nutritional value is preserved when
grains are not dried in high temperature dryers. However, for DWGS we must ensure
safety by preventing mycotoxins generated by several storage fungi from contaminating
the product. High moisture grains are highly susceptible to fungal, mold, and bacterial
invasion during storage. Just as the remaining nutrients and mycotoxins can be increased
threefold as well (Wu et al., 2008). This limits which species of livestock can be fed the
product because some species are less tolerant to mycotoxins than others. Preventing
further production of mycotoxins on DWG in storage would be an important measure in
evaluating the prolongation of its shelf-life.
Shelf-life is defined by the Institute of Food Science and Technology as the period
of time during which the food product will remain safe and retain desired sensory,
chemical, physical and microbiological characteristics (IFST, 1993). For distillers wet
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grains, there is currently no acceptable level or standard for safe feeding of deteriorated
distillers grains. However, reducing certain product properties, primarily moisture content
and storage conditions such as high temperatures and humidity that promote fungal
(mold) growth, which could lead to mycotoxin contamination in feed is generally
accepted as good practice (USGC, 2012). The current practices for monitoring product
shelf-life and nutritional quality of feed ingredients involve monitoring color changes
(USGC, 2012). FDA guidance levels for mycotoxins such as aflatoxin and fumonisin
have been set and methods for rapid testing for these toxins have been approved by the
Grain Inspection, Packers and Stockyards Association (GIPSA) of the United States
Department of Agriculture (Zhang et al., 2009).
This research aims to investigate a process that could triple the shelf-life of DWG
from its current 3-4 days and 5-7 days in warm and cold weather conditions, respectively.
This will increase DWGS utilization and open new local markets beyond those within the
proximity of ethanol fuel plants. Overall, feeding more co-products wet reduces energy
expenditures for drying in ethanol plants, a process that currently constitutes 30% of the
production cost of processing corn to ethanol (Wu et al., 2008). A major outcome of this
project will be to increase the utilization of DWG as livestock feed more than its current
level. Of the estimated 39 million metric tons (mmt) of feed produced only 27% is fed as
DWG and 13% as modified wet distillers grains (MWDG) as noted in Figure 1.1 (RFA,
2014). This work will also provide a better understanding of the use of ionization and
modified atmosphere treatments on improving the shelf-life of DWG, and potentially
create opportunities for the storage of wet bulk feedstocks. This will decrease the overall

5
energy budget for drying wet feedstocks in ethanol plants, and will provide ethanol
manufacturers more flexibility when managing their drying capacity.

Figure 1.1 U.S. production of distillers grains and consumption by species in 2014
obtained from Renewable Fuels Association Annual Report (2014).

This dissertation investigates two techniques that can be used to increase the shelf-life of
DWG by reducing/limiting microbial infestation in storage. The first was high voltage
atmospheric cold plasma (HVACP). The efficacy and optimum process parameters for an
in-package treatment of DWG were determined. The second was CO2 as a modified
atmosphere for storage packages. The modified atmosphere storage technique in HVACP
treatment of packaged produce foods has been shown to inactivate bacteria (Misra et al.,
2014). This method is comparable to ozonation of grains, a sterilization method for stored
grains that has been well researched and developed at Purdue University for corn grain
(Kells et al., 2001; Mendez et al., 2003; McClurkin, 2009; McDonough et al., 2011).
However, the use of HVACP treatment to increase the shelf-life of feed, especially a wet
feed like DWG has not been investigated. Also, the use of modified atmosphere in
preserving product quality using high CO2 is shown to be effective in food packaging
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technologies. Removing oxygen and creating an environment of high CO2 results in
suppression of mold growth, therefore increasing shelf-life. Utilizing the abundance of
CO2 produced in ethanol facilities, which can be captured and used for this purpose, will
reduce the cost of implementing the process. Therefore, this dissertation investigated the
efficacy and optimum process parameters for using HVACP and high CO2 atmosphere in
increasing the shelf-life of DWG.

1.2

Research Hypothesis and Goals

We hypothesize that the shelf-life of distillers wet grains can be increased by a
factor of three using a combination of HVACP and CO2 modified atmosphere treatments.
In the field, shelf-life of DWG is defined as the amount of time before the product has
visible mold growth to the level that it is unpalatable and possesses a health risk for use
as livestock feed. The Institute of Food Science and Technology defines shelf-life as the
time during which the food product will remain safe from contamination caused by
microbial growth; meaning it will be certain to retain desired sensory, chemical, physical
and microbiological characteristics; and comply with any labelled declaration of
nutritional content. This definition will be used in evaluating changes in shelf-life for the
specific research objectives listed below.

1.2.1

Research Objectives

The overall goal of this project was to increase the shelf-life of wet distillers grains by
a factor of three from its current 3-4 days in warm summer conditions and 5-7 days in cold
winter conditions. This was pursued through microbial elimination by HVACP and
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suppression by modified environment using carbon dioxide. The following specific
objectives were pursued:
1. Determine the effect of feedstock chemistry on the shelf-life of DWGS stored under
warm temperatures (20 – 30°C) and cold temperatures (0 – 15°C).
2. Determine the effects of a) HVACP and b) CO2 as a modified atmosphere and c)
the combination of these treatments, on shelf-life of DWG.
3. Identify and evaluate critical parameters in using HVACP and CO2 that increase
shelf-life of DWG based on Objective 2 results.
The outcome of this work will increase profitability of ethanol plants by reducing their
energy consumption and increasing the market for distillers’ wet grains with solubles.
Additionally, it will also benefit livestock producers by providing an option to increase the
use of DWG in cattle rations.

1.3

Dissertation Outline

The remainder of this dissertation is divided into six chapters. The published
literature on DWG storability, treatment methods for preservation of DWG and critical
parameters affecting treatment efficacy are reviewed in Chapter 2. It includes an
introduction that describes the elements for shelf-life preservation of distillers wet grains.
Chapter 3 describes the deterioration of DWGS stored for seven days in cool temperatures
and warm temperatures. Chapter 4 describes the methods used to study treatments of
HVACP ionization, modified atmosphere/CO2, and the combination of these treatments on
the shelf-life of DWG. In Chapter 5, the critical parameters for increasing the shelf-life of
DWG are explained and the potential applications for the HVACP treatment and
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sterilization of high moisture products. Chapter 6 summarizes the findings of this
dissertation and includes some suggestions for future work based on the understanding
gained from this research project.
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CHAPTER 2. TREATMENT OF DWG: LITERATURE REVIEW

As mentioned in the introduction, research on methods of preservation of distillers
wet grains (DWG) would reduce drying costs, increase safe storage time, and increase
profits of companies producing ethanol. A longer shelf-life will extend the DWG market
to cattle feeding facilities beyond the ethanol facilities’ current reach. Additionally,
DWG, which has not been dried using a high-temperature (800-1,000oF; i.e. 426.67537.78oC) rotary drum dryer, as is the current practice for producing DDGS, is a better
feed ingredient for ruminant animals because amino acid profiles and protein levels are
preserved.
In this Chapter, we review the literature surrounding the production, utilization, and
spoilage of DWG along with relevant preservation technologies. The aim of this chapter
is to provide all the basic knowledge on these topics to serve as a basis for evaluating the
effect of treatment technologies on increasing the shelf life of DWG.

2.1
2.1.1

Distillers Wet Grains

Dry-Grind Production of Ethanol and Distillers Grains

In 2014, the production of ethanol in the United States reached a record 14.3
billion gallons. It led the world in ethanol production (RFA, 2014). As of January 2015,
there were 198 operating ethanol biorefineries in the United States, with Iowa (42

13
facilities), Nebraska (23), Minnesota (21), South Dakota (15), Illinois (14), Indiana (13),
and Kansas (12) ranking the highest in the number of facilities (RFA, 2014). With the
continued production of ethanol, also comes the increase in production of its co-products.
In 2014 the ethanol industry produced an estimated 39 million metric tons (mmt) of feed
(RFA, 2014). Distillers grains are a co-product from the dry grind processing of corn to
ethanol. Key steps in this process include receiving and grinding the grain, fermentation
of the cooked slurry and distillation to separate ethanol from the solids (Rosentrater et al.,
2012; Mosier et al., 2007).
Corn

Liquefaction

Corn Cleaning

Cooker

Hammermill

Fermentation

Mix Slurry

Distillation

Ethanol

Whole Stillage

Centrifuge

Thin Stillage

Evaporator

Condensed
Distillers
Solubles
(Syrup)

Coarse Solids

Rotary Dryer

Wet Distillers
Grains

Figure 2.1 Ethanol and related coproducts production process diagram (adapted from
Lardy, 2003)
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Details of this process are as follows. Corn is ground to reduce particle size, using
hammer mills or roller mills. Water is added and the ground corn is mixed into a slurry
then cooked at temperatures between 90 to 165°C (Kelsall Jacques et al., 1999) and
mixed with two enzymes, alpha-amylase and gluco-amylase. Once the slurry has been
liquefied, yeast (Saccharomyces cerevisiase) is added and the mix is allowed to ferment
at 33°C (Thomas et al., 1996). Corn components (all components [fiber, fat, proteins and
minerals] other than starch) that cannot be fermented are brought to atmospheric pressure
conditions to release the CO2 and then transferred to a separate tank to be distilled
(Rausch et al., 2006). Ethanol is produced from this distillation and the remaining product
is the whole stillage. The whole stillage is removed from the bottom of the distillation
tank and centrifuged to separate the wet grains (30-35% solids) known as distillers wet
grains (DWG) and thin stillage (8-15% solids) (Brown, 2007). Thin stillage at 5 to 10%
solids content is sent to an evaporator to remove water and increase its solids content up
to 25 to 30% (Zheng, 2013). The concentrated product formed is condensed distillers
solubles (also referred to as syrup). DWG is typically mixed with the syrup and dried to
10 to 12% moisture into a storage stable, coarse bulk product known as distillers dried
grains with Solubles (DDGS). When DWG is mixed with the CDS and used wet without
drying, the product is known as Distillers Wet Grains with Solubles (DWGS). In the
ethanol production process, one bushel of corn (25.4 kg at 15.5%) is able to produce
approximately 2.8 gallons of ethanol, 18 lbs (8.165 kg) of dried distillers grains with
solubles and 18 lbs (8.165 kg) of CO2 (Lardy, 2003). The CO2 is typically captured on
site to make dry-ice in large ethanol plants of 60 million gallons per year (MMGY), but
vented off in some smaller plants 40 MMGY and below. As previously mentioned the
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increase in ethanol production led to the industry producing an estimated 39 million
metric tons (mmt) of feed (RFA, 2014).
Exportation of Distillers Dried Grains with Solubles (DDGS) to countries in Asia
continues to increase as they recognize the advantages of feeding these grains to their
livestock and poultry (Babcock et al., 2008). DDGS is of biological origin and likewise
hygroscopic, absorbing or losing moisture depending on the environment it is exposed to
during storage and transportation. This can lead to challenges and product quality loss
during handling and transportation. Caking, bridging and other issues with flowability
can be observed from DDGS exposed to higher moisture (Kingsly et al. 2010,
Rosentrater 2007). Poor flowability can cause a problem and result in additional
expenditures for livestock producers and feed mills (Johnston et al., 2009). Therefore,
when transporting DDGS and other similar grains through different environmental
conditions of relative humidity and temperature, it is important to have an idea of the
changes in equilibrium moisture content (EMC), allowing for the establishment of critical
moisture levels. Shipments of cereal grains often arrive at their destination ports partly
molded. This is caused when environmental conditions are favorable or optimum for
germination of dormant mold spores and subsequent growth of mycelia (Mossel, 1955,
Christensen et al., 1974). As the molds metabolize they produce heat (hot spots) and
water vapor, creating a chain reaction for colonization of the molds, bacteria and an
increased risk for mycotoxins spreading throughout the shipment (Mossel, 1955).
While DDGS is shipped in bulk long distances in railcars, truck tractor trailers,
barges, holds of ships and in shipping containers, DWG is often sold directly to cattle
feeding facilities, which are within the local area of the ethanol plant, about 61 miles on
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average (USDA-NASS, 2006). In general DWG is placed in an outdoor concrete bunker
exposed to the elements. The outdoor conditions can drive the spoilage of the DWG,
especially during warm spring and summer temperatures, since the grains are highly
susceptible to spoilage due to the high moisture content and water activity (Rosentrater et
al., 2012). DDGS stores quite well, but is highly susceptible to caking in transport and
storage vessels and thus is prone to handling challenges. Another issue occurs when
DWG and CDS are blended and dried. They can create agglomerates with variations in
particle sizes, and large diameter balls that can cause issues with feeding and transport
(Ileleji et al., 2007). The variation in particle sizes can lead to size segregation, thereby
resulting in inconsistencies in feed formulation. Challenges with the handling of stored
grains have led to increased research into how particles behave when loaded into piles,
railcar hoppers, and silos (Ileleji et al., 2007). This knowledge is useful in the utilization
of these grains as an animal feed, in order to ensure uniform distribution.
The protein that is found in distillers grains comes from yeast and corn. The yeast
grows and ferments the starch, producing cell mass consisting mostly of yeast protein
(Belyea et al., 2004). Feeding distillers wet grains with solubles can be a good source of
energy, if we can increase the shelf life of DWG, we will further increase its energy value
and decrease its production costs by reducing the energy used to dry DDGS.

2.1.2

Chemical and Nutritional Composition

Distillers Grains with Solubles are a good source of energy, protein, vitamins, and
minerals (Ganesan et al., 2008; Ham et al., 1994). In an animal diet, protein is important
and one of the most expensive nutrients, making distillers grains ideal with a protein
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content ranging from 27% to 35% (Belyea et al., 2004; Kalscheur et al., 2005).
Condensed Distillers Solubles have a high digestible energy value (Ganesan et al., 2008).
It is also low in fiber and a good source of vitamins (Rosentrater et al., 2006). Distillers
wet grains are known to be higher in NDF (Ham et al., 1994) and higher in protein
(Firkins et al., 1984) than wet corn gluten feed. In blending solubles with DDGS,
Ganesan et al. (2008) found that the color darkened as the CDS level increased; however,
there was no correlation to color and moisture content. Another benefit of distillers’
grains is that they are low in pH due to the addition of sulfuric acid during the
fermentation process.
Distillers’ grains are increasingly becoming an ingredient in livestock feed rations
of beef and dairy cattle due to their high energy values. Since distillers’ grains (DG) are
fed to animals, it is important to understand the nutritional aspects, in order to ensure
those animals have an adequate diet. By taking into consideration the nutritional
composition of distillers grains as well as the nutritional requirements of ruminant
animals, guidelines can be placed on how much distillers grains can acceptably be used in
a livestock ration. The two livestock species which consume the most DG are dairy and
beef cattle. Distillers’ grains are also fed to other animals such as swine and poultry.
Vander Pol et al. (2006), as well as Donkin et al. (2006), noted that cattle returns are the
greatest when 30 to 40% of diet is DWGS. These grains have a high protein and energy
content, generally 120 to 135% the nutritional value of corn.
Distillers’ grain is in high demand because of its high nutrient density,
palatability, and usually competitive price. Similar to mycotoxin levels, many other
components are concentrated 3-fold over the original values (Liu et al., 2011; Wu et al.,
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2008). The amount that can be included in a ration is usually limited by the total fat
contributed by the rest of the ingredients and the balance of amino acids. The amino acid
profile in the protein of DDGS is fairly similar to that of the original corn grain and, as a
result, may be low or limited in lysine content (Applegate et al., 2006). Olukosi et al.
(2013) compared previously reported data and their own experimental data to examine
the amino acid profile of maize (corn) DDGS with wheat DDGS. They found that the
current prediction models can be used for estimating amino acid content of DDGS with
accurate crude protein values for both sources of DDGS.
In Table 2.1, Lemenager et al. (2002) compared the nutritional composition of
corn to distillers’ grains. Similar results can also be seen in Belyea et al. (2004) and
Spiehs et al. (2002).
Table 2.1 Variation in DDGS Nutrient Digestibility and Availability (adapted from
Lemenager et al., 2002).
Nutrient/Componenta
Crude protein, %
Lysine, %
Methionine, %
Crude fiber, %
Fat, %
Phosphorus, %
Sodium, %
Sulfur, %

Corn
Reference
8.5 – 9.9
0.20 – 0.28
0.16 – 0.20
1.5 – 3.3
3.5 – 4.7
0.28 – 0.34
0.00 – 0.02
0.12
---

Distillers’ Dry Grains + Solublesb
Range
Digestibility, %c Availability, %c
28 – 32
60 – 90
16.8 – 28.8
0.85 – 0.90
50 – 90
0.42 – 0.81
0.40 – 0.55
50 – 90
0.20 – 0.50
5 – 14
--5 – 14
3 – 12
85 – 90
3 – 12
0.7 – 1.3
80 – 90
0.56 – 1.17
0.05 – 0.17
100
0.05 – 0.17
0.4 – 0.8
100
0.4 – 0.8
<400 - >600
-----

a

Nutrient values are reported as a percent of total dry matter.
All things being equal, the value of DDGS (85% DM) is ≤ $110/t when corn is $2.20/bu
and soybean meal (SBM) is $175/t. When product variation, transportation, handling, and
storage are considered, DDGS value is realistically worth <$70/t.
c
Values include variation between animal species.
b

Distillers’ grains have high protein and fat content and are therefore used in many
livestock and poultry diets (Latour et al., 2007). Both wet and dry distillers’ grains are
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beneficial as a feedstuff; however, the nutritional value of the grains must be evaluated.
Advantages of the dried form (DDGS) are that they are easier to handle, have reduced
transportation costs on a dry matter basis, and maintain their quality when stored for a
prolonged period of time and so can be transported to markets farther away from ethanol
plants. However, additional energy is needed to dry the wet coproduct, which is an
expense in ethanol production. Distillers wet and dry grains have been demonstrated to be
better utilized as a source of feed by cattle (Garcia et al., 2005; Ham et al., 1994; Vander
Pol et al., 2006; Corrigan et al., 2009). Oftentimes distillers’ grains are mixed with other
feeds to create a feedstuff with an ideal nutritional composition. Other feed mixed with
DWG should be low in protein, fat, sulfur and phosphorus, in order to balance well with
the high concentration of these nutrients supplied by DWG.
Corrigan et al. (2009) ran weekly analysis on distillers wet grains from one
ethanol plant and observed a range of 26.5 to 37.6% DM and averaged 32.0% DM, crude
protein content ranged from 25.0 to 27.9% and averaged 26.4% protein. The thin stillage
ranged from 3.2 to 6.1% DM and averaged 4.6% DM. Crude protein for thin stillage
ranged from 12.6 to 21.8% and averaged 17.9% protein. Fat content (DM basis) of the
distillers wet grains, thin stillage, and DDGS (low, medium, and high) was 16.6, 9.2,
13.3, 14.5 and 16%, respectively. Distillers grains may still contain high levels of fat.
Pradhan et al. (2010) used supercritical carbon dioxide (SC-CO2) to extract fatty oils
from wheat distillers dried grains with solubles. Using SC-CO2 as a method of extraction,
for the remaining fatty oils (omega-3 and omega-6) increases the value and utilization of
DWGS.
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There are some issues associated with using distillers’ grains, wet or dry, as a
feed. When considering DDG protein, utilization can vary as heat applied during the
drying process may bind part of the amino acids with sugars by Maillard reaction, which
makes them unavailable to the animal. Also, the high oil content of distillers’ grains has
the potential to affect fiber digestibility, milk quality, immune function, end-product
quality, reproductive function and human health by changing the end-product fatty acid
profile. The linoleic acid component causes the fat tissue of pork to become very soft, an
undesirable trait due to the higher levels of oxidation along with slicing and processing
difficulties. Latour et al. (2007) determined an optimum range for feeding DDGS to
swine is less than 20% inclusion, with 1% conjugated linoleic acid to reduce the iodine
value. Both DWG and DDGS can have issues with flowability when being distributed to
various types of livestock. The low dry matter content of DWG makes it difficult to use
in the typical poultry feeder system. High temperature and humidity can cause DDGS to
stick together and form clumps. Kingsly et al. (2013) pointed out that these, along with
compression force and time of consolidation, have an impact on the properties of powder
materials leading to caking of bulk powders. Likewise, Clementson et al. (2012)
described how the flowability of DDGS particles can be adjusted by the level of inclusion
of CDS.

2.1.3

Feed refusal and Spoilage Issues

The physical characteristics used to evaluate feed include color, particle size,
softness, hardness, texture and biological characteristics (USGC, 2012). The percentage
digestibility represents the amount of DDGS that can be digested by livestock. It is
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unlikely that the animal will benefit from 100% of the nutrients because some nutrients
are inaccessible after drying, as previously mentioned. Wet distillers’ grains have a
higher percentage digestibility due to the fact that they are not dried; therefore, the
proteins are more easily utilized.
Stored grains contaminated with molds, especially those in silage, have been
correlated to reduced palatability, nutritional value and feed intake, as well as animal
health problems, decreased productivity and fertility and increased disease susceptibility
(Cheli et al., 2013; Fink-Gremmels, 1999, 2008; Scudamore et al., 1998). Previous
research notes that the concentration of most nutrients in distillers’ grains is higher than
its value in the original feedstock due to starch removal (Cromwell et al., 1993; Spiehs et
al., 2002; Belyea et al., 2004; Nyachoty et al., 2005). With this in mind, it should be
noted that reduced starch intake will increase the consumption of digestible fiber, and
reduce the occurrence of subacute acidosis in ruminant animals (Pradhan et al., 2010).
Although DWG is a good feed option, there are concerns with storage. Without
proper storage and handling, distillers’ grains is susceptible to multiple types of fungi.
Ganesan et al. (2008) states that storing DDGS at different temperatures and humidity
conditions can lead to physical and chemical changes in the material. It was found that
crude protein decreased as the condensed distillers’ solubles (CDS) level increased. Fat
content for the higher blends was higher than that of the lower CDS blends (Ganesan et
al., 2008). Ileleji et al. (2003) determined that high-oil corn hybrids had fat acidity values
that were much higher than normal-oil content corn hybrids. Also, there was a correlation
between oil content and fat acidity after storability tests (Ileleji et al., 2003). A technique
for determining the growth rates of grain storage fungi was developed by Saul & Steele
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(1966). They measured the levels of CO2 produced by the fungi as they consume dry
matter. Other conditions that correlate to the shelf life of DWG, aside from CO2
production, include water activity, mold growth and mycotoxin level. DWG has low
capacity for storing and transmitting heat because of the high water activity (Rosentrater
et al., 2007). Rosentrater et al. (2007) also found that the color of the DWG correlated to
microbial colonization, and there are still storability and shelf life issues to be worked
out.
The presence of fungi presents the potential for mycotoxins. An economic evaluation
should be performed to determine how the nutritional composition as well as the presence
of mycotoxins affects the cost of distillers’ grains. Changes in CDS blended with DWG
lead to changes in the final product DDGS (Kingsly et al., 2010). High storage
temperature and humidity conditions can lead to deterioration that could cause physical
and chemical changes in DDGS (Ganesan et al., 2008). It is therefore beneficial to
understand the chemical properties of DWGS under various storage conditions. This
research will also evaluate how the changes in soluble levels are affected by varying
temperature conditions.

2.2

Microbiological Growth

The short shelf-life is a critical limitation to using distillers’ wet grains as a feed
ingredient. Storage conditions, namely environmental temperature and RH, influence
DWG deterioration based on the level of spoilage caused by microorganisms such as
fungi. Spoilage diminishes the palatability and nutritional value of the distillers’ grains
and increases the potential for toxic effects by mycotoxins (Lehman et al., 2007).
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2.2.1

Common stored grain mold

Molds are filamentous, multi-celled fungi with an average size larger than both
bacteria and yeasts (10x40μm), the filaments are also known as hypha (Schneider et al.,
2006). Molds are generally found in the pericarp of grains and can reduce the energy
content of the grains (Garcia et al., 2008). Mold contributes to quality deterioration of
stored grains. They can cause nutrient loss (changes in vitamins, lipids, proteins, and
carbohydrates), functional property losses (germination), and aesthetic changes
(discoloration, caking, odors) and contaminate grain with mycotoxins. If used as a feed,
contaminated grains can decrease the productivity and negatively affect the health of the
animal (Garcia et al., 2008). The following mold species have been known to be the most
abundant in stored corn: Aspergillius, Penicillium, Cladosporium, Alternaria,
Helminthosporium and Fusarium (Christensen, et al., 1965; Garcia et al., 2008;
McClurkin, 2009). Stored corn is used for ethanol production and, therefore, these mold
species are generally present in the distillers’ grains produced from corn. Fungi are
composed of spores which when disrupted can be released from the corn surface and
move into the surrounding environment (McClurkin, 2009). These spores are pathogenic
and can cause allergic reactions in humans, poisoning and infection, as well as lead to the
development of mycotoxins. DWG has a higher fat content, and fats are susceptible to
breakdown by oxidation to form peroxides, these are unstable compounds, which can
make the product become rancid (USGC, 2012). Prior research has established that ozone
can significantly reduce the viability of Aspergillus parasiticus Speare, and other fungi
on the kernel surface by a three-day treatment with 50 ppm ozone (Kells et al., 2001).
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Research shows that ozone can be used as a method for treating surface molds on stored
grain (McClurkin, 2009; Kells et al., 2001).
Research has shown that there are certain factors such as pH, temperature, RH
and aw that are be favorable to mold growth. Moisture content has an effect on the rate of
deterioration of biological materials; the storability of corn is reduced with high moisture
content during storage tests (Marks and Stroshine, 1995). With this knowledge, models to
predict mold growth have been applied to stored grain fungi and post-harvest monitoring
of grains. The modified Gompertz model predicts mold activity via a nonlinear regression
model of sigmoidal function. Chowdhury et al. (2005) used a Gompertz logistics model
for microbial growth:
(Equation 1.1)

Where Log N is the decimal logarithm of microbial counts [log (CFU/mL)] at time t, A is
the asymptotic log count as time decreases indefinitely [log (CFU/mL)], D is the number
of log cycles of growth [log (CFU/mL)], M is the time required to reach the maximum
growth rate (d), and B is the relative growth rate at time M (per day).
Chowdhury et al. (2005) found that the model did not accurately account for
higher values of exponential growth rate, M, and A for the aerobic bacterial growth.
Comparatively, the Gompertz model has been fitted to the inactivation of Listeria
innocua in vitro on various media using gaseous ozone treatments. The model takes
experimental values for lag phase and growth rate and fits microbial count data to the
following mathematical function (Fan et al., 2007):
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(Equation 1.2)
where the parameters for the equation are y is the microbial count (log CFU/ml), t is the
elapsed time, μ is the inflection point, β is the slope parameter, γ is the range, and α is the
final CFU/ml microbial value. Steele et al. (1969) used CO2 production from fungi
decomposition of carbohydrates as an indicator or measurement of grain deterioration.
1.3

.

1

0.015 /

(Equation 1.3)

where Y is the CO2 production and t is the number of hours and m is the combined
multiplier:
(Equation 1.4)
where MM, MT, and MD are multipliers used to account for different moistures,
temperatures, and visible mechanical damage levels and MH is a multiplier to predicts the
effects of genetic hybrid and MF is for fungicide treatment (ASABE Standard D535).
Lehman & Rosentrater (2007) evaluated the aerobic heterotrophs (bacteria and
fungi) found on freshly produced distillers grains. They found Candida spp., Alternaria
spp., Fusarium spp., Penicillium spp., Lactobacilli as well as isolates of Microccous
luteus and Pediococcus pentosaceus.
2.2.2

Mycotoxins

Stored under optimal temperature conditions, DWG will promote the growth of
large amounts of mold and mycotoxins. Mycotoxins are secondary metabolites produced
by mold that contaminate corn kernels during storage (Shotwell, 1977; Cleveland et al.,
2003). Mycotoxins that are harmful to human and livestock health and cause economic
losses include aflatoxins, zearalenone, trichothecenes, and ochratoxins (Shotwell et al.,
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1983; Garcia et al., 2008). Of these mycotoxins, aflatoxins are the most serious threat to
animal and human health because they possess acute and subchemical toxicity and
carcinogenicity (Garcia et al., 2008; USGC, 2012). Aspergillus flavus and parasiticus are
two Aspergillus species that produce aflatoxins. Aflatoxins are potent liver toxins and
carcinogens in animals, and may also be human carcinogens (Vincelli et al., 1995). A.
flavus is highly aerobic and is commonly grown on carbon rich substrates, mainly
monosaccharides such as glucose. Aspergillus can secrete amylase enzymes, so it can use
polysaccharides as a carbon source (starch). Although it can grow on carbon sources like
glucose, fructose, maltose and starch; it can demonstrate oligotrophy, i.e., growing in
nutrient depleted environments. Likewise, dead insects have been mentioned as a good
substrate for A. flavus to grow (Wright, 1992). If the grain delivered to the ethanol plant
is contaminated with mycotoxins they will not be destroyed during the ethanol production
process, but rather their concentration will increase by three times as starch, which
constitutes one-third of the kernel composition is used up in ethanol production (USGC,
2012; Wu et al., 2008). Common stored grain mycotoxins include aflatoxin, fumonisin
and zearalenone; the FDA has set guidance levels for these in grain. Aflatoxin can be no
more than 20 ppb in lactating dairy feeds and up to 300 ppb for finishing (feedlot) beef
cattle (FDA Compliance, 1979). Fumonisin levels must not exceed 60 ppm for ruminants
less than 3 months old being raised for slaughter and 30 ppm for breeding ruminants
(U.S. FDA, 2000). For zearalenone, no FDA guidance levels are available.
Khatibi et al. (2014) evaluated the levels of mycotoxins in DDGS from 78 ethanol
plants and found the presence of those listed in Table 2.2 and found 2.8% of lots tested
were above the levels considered safe for cattle consumption.
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Table 2.2 The number and percentage of corn DDGS lots containing mycotoxin levels
less than 1.0 μg/g, 1.0 to 5.0 μg/g, greater than 5.0 μg/g but less than 10.0 μg/g, and 10 or
more μg/g. These categories were selected based on U.S. FDA action levels for DON,
and FAO for ZON. Mycotoxins were detected and quantified using GC-MS from 141
corn DDGS lots in 12 states in the U.S. in 2011.

Mycotoxin Concentration (μg/g)
# Lots < 1.0
# Lots ≥ 1.0 ≤ 5.0
# Lots > 5.0 < 10.0
# Lots ≥ 10.0
2.2.3

DON
15-ADON
ZON
98 (69.5%) 120 (85.1%) 137 (99.3%)
36 (25.5%) 17 (12.1%)
4 (2.8%)
3 (2.1%)
4 (2.8%)
0
4 (2.8%)
0
0

Factors associated with microbial proliferation in DWG

Biological activities such as respiration and sprouting, as well as extrinsic
biological activities like mold and yeast are factors that affect stored grain (Fawole,
1969). The concern is that corn purchased for use at the ethanol facilities can be
contaminated with different levels of mycotoxins (Bennett et al., 1996). It will be
important to prevent mycotoxin contamination of grains during storage, but also to
monitor conditions prior to harvesting (Usha, et al., 1993). Changes in mycotoxin levels
correlate to temperatures during plant growth (Smart et al., 1990). At the ethanol
processing plant, it is expected that they will not accept grain with mycotoxin levels
above FDA regulations. Any initial level of mycotoxins found in corn before the ethanol
production process can be concentrated three fold in the distillers’ grains (Bennett et al.,
1996; Bothast et al., 1992; Garcia et al., 2008; Whitlow 2007; Sims 2008; Wu et al.,
2008; Donkin et al., 2006). The mycotoxins are not destroyed during the ethanol
fermentation process or the distillers’ grains production process. During the fermentation
process Dam et al. (1977) found that 35% of the initial Aflatoxin value remained in a
ground sample of corn, similar to that of the ethanol production process. Murthy et al.
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(2005) found that Aflatoxin levels increased by a factor of up to 3.2 after the ethanol
production process.
Microbial growth factors that can affect storability include nutritional
composition, moisture content, temperature, pH and CO2. All of the nutrients necessary
for growth of molds are obtained through the immediate environment of the microbial
cell and distillers’ grains are rich in nutrients ideal for microbial growth (Schneider et al.,
2006). Water activity is a measure of free unbound water and is defined as the ratio of the
vapor pressure of water in a substrate to the vapor pressure of pure water at the same
temperature. As a comparison, gram-negative bacteria have the highest water activity
requirement ranging from 0.99 to 0.88, while yeast (0.70 to 0.75) and molds (0.75 to
0.80) are capable of growing at much lower levels (Doyle et al., 1997). Jay et al. (2005)
found that there is correlation between water activity, temperature and available nutrients.
The pH is the logarithm of the reciprocal hydrogen ion concentration in a sample, the pH
value of stored grains has been found to correlate to the products storability (Schneider et
al., 2006). Microorganisms survive best in an environment with a pH of 6.6 to 7.5, some
are capable of survival outside of this range (Schneider et al., 2006; Balat et al., 2008;
Aminifarshidmehr, 1996). The low pH of DWG, between 3.0 and 4.0, may result in less
than ideal conditions for growth of Aspergillus fungi (Garcia et al., 2008; Kalscheur et
al., 2005). The last factor mentioned, CO2, is related to the availability of oxygen where
the microbiological species are growing. An oxygen-depleted environment, with high
levels of CO2 can result in reduced growth of these common stored grain molds. This can
occur when the product is placed in a sealed package such as in hermetic (air-tight)
storage. CO2 concentration above 14% is detrimental to mold growth (Nofsinger et al.,
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1983); however, for some mold species, growth can still occur at an oxygen
concentration of about 0.2% (Peterson, et al. 1956). Predictive modeling is also a method
to assess microbiological growth (NZFSA, 2005). Testing various parameters, such as
nutritional composition, moisture content, temperature, pH and CO2 concentrations will
help to determine shelf-life.
Nagel et al. (1947) evaluated the changes in shelled corn characteristics due to
mold growth. They found increases in fat acidity and moisture content for samples, which
had been, inoculated with nine different types of common stored grain fungi and stored
for 4-weeks. Changes in characteristics of shelled corn could parallel changes in DWG
produced from corn. Therefore, it will be important to better understand the factors
affecting the changes in the DWG over time and its effect on the shelf-life of DWG.

2.2.4

Shelf-life

Shelf-life is defined as the amount of time a product will keep its appearance,
odor, texture and flavor, be certain to retain desired sensory, chemical, physical and
microbiological characteristics and comply with any label declaration of nutritional data.
(NZFSA, 2005). Likewise, spoilage can be defined as the metabolic process that causes
food to be undesirable for human or animal consumption (Harding, 2012). The growth of
some bacteria, yeasts, and molds may lead to food spoilage. Harding (2012) determined
spoilage of DWG by appearance and texture, spoiled material was dark brown in
appearance, rather than the typical golden color. For starchy grains such as corn, the
break-down of carbohydrate via respiration or consumption by fungi in the presence of
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oxygen can be represented by Equation 2.1. The products of respiration, moisture
content, CO2, and heat will increase with spoilage.
C6H12O6 + 6O2  6H2O + 6CO2 + heat

(Equation 2.1)

Steele et al. (1969) references Saul et al. (1958) in stating that there is a 1.0
percent loss in dry matter corresponding to the production of 14.7 g of CO2 per kilogram
of grain dry matter from this equation. CO2 is produced when the organisms metabolize
or consume carbohydrates of a substrate in the presence of oxygen. However, it is often
unclear whether the CO2 production is caused by the type of organism growing on the
substrate, or the composition of the substrate (e.g. corn) as it may respire itself. Moog
(2006) notes various research addressing the concern of CO2 being produced from
respiring seed or the microorganisms present. One study (Christensen, 1969) mentioned
indicated that 10% of the CO2 produced is by the corn kernels while the other 90% is due
to the fungal activity. Likewise other studies stated that respiration was mainly from
fungi (Muir, 1998; Sauer, 1992). Ramsted (1943) found that high respiration rate was
attributed primarily to micro-organism activity and could be indicated by a musty odor
and visible moldy kernels. They also observed higher CO2 production in non-viable or
dead and split seeds compared to whole seeds with high viability. On the contrary, Seitz
et al. (1982) reported CO2 evolution in the form of respiratory rates (mg of CO2/kg
DM/hr) and presented evidence that, under certain conditions, CO2 production by the
corn kernels themselves (associated with germination) can be significant. Corn or grain
seed can continue to respire in storage and differentiating CO2 production from respiring
seeds can be done through germination tests (White, 1982). Moog (2006) found that
although germ respiration can increase CO2 production in corn samples, fungal
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respiration is probably the primary source of CO2 production by seeds stored at moistures
typical of recently harvested corn or corn that has absorbed moisture during storage. For
grain by-products such as DWG and DDG, it is to be expected that the CO2 production is
primarily from the growth of the microorganisms present. This is because the distillers’
grains are ground corn that are unlikely to exhibit any further germination.
Fats are susceptible to breakdown by oxidation to form peroxides, which are
unstable compounds, and can become rancid (USGC, Physical and Chemical
Characteristics Related to Handling and Storage of DDGS, Chapter 7). Song et al. (2013)
measured lipid peroxidation levels in oil that was extracted from DDGS. They found that
peroxide values of DDGS was twenty-seven times higher than that of the corn samples
(3.1 milliequivalents (meq)/kg oil) and color can be used as a preliminary indicator of
lipid peroxidation levels in DDGS (Song et al., 2014). With most of the starch being used
up during the production of ethanol, it is important to understand the changes in product
due to lipid peroxidation, considering that DWG are high in fat. In feed, lipid
peroxidation, can negatively affect animal health, growth performance and meat quality
(Miller and Brzezinska-Slebodzinska, 1993, Pfalzgraf et al., 1995). These negative
effects include growth suppression of the animal and production of oxidized metabolites
that are toxic to the animal.
The direct method for determining shelf-life involves storing the product under
the preselected condition at a period of time longer than what would be expected for the
shelf-life and checking the product at regular intervals to see when it begins to spoil
(NFZSA, 2005). Nofsinger et al. (1983) found that chemical treatments on distillers’
grains held bacterial counts to initial levels for 1 week before an increase was noted.
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Lehman et al. (2013) investigated the stability of DWG over time at various
temperatures. They found that the shelf-life of DWG is >10 days at 12°C, 4 to 7 days at
22°C and 2 days at 32°C. In this work, they also modeled CO2 production as a function of
time and temperature, and was represented by Equation 2.2 below (Lehman et al., 2012).
CO

2318.14

255.42c

439.90d

5.88c

2.26d

45.39cd
(Equation 2.2)

Where c represents temperature (oC) and d represents time (days). The equation showed
that with an increase in storage temperature and time the CO2 production increased.
Research shows that carbon dioxide concentration above 14% is said to be detrimental to
mold growth (Christensen et al., 1974); however, some molds have been known to grow
with oxygen concentrations as low as 0.2% (Peterson et al., 1956). Comparably, Steele et
al. (1969) determined permissible storage times for shelled corn at 30 percent mechanical
damage, which was computed, based on an allowable dry matter loss of 0.5 percent as
(Equation 2.3)
Where T is the estimated allowable exposure time before 0.5 percent of the dry matter
has been consumed. TR is the time, 230 hr, that results in loss of 0.5 at 25 percent
moisture, 15.56°C (60°F) and 30 percent mechanical damage, MT, MM and MD are the
multipliers for temperature, moisture and damage that come from figures in Steele et al.
(1969).
The parameters to measure shelf-life can be unique to each product, but generally
involve identifying what may cause the food to spoil by monitoring water activity, pH,
oxygen availability (NFZSA, 2005). Color and appearance have also been used as
indicators for spoilage (Rosentrater et al., 2010), and recent work by Lehman et al. (2013)
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neither validated nor discounted the use of color analysis as an indicator of spoilage.
Likewise, measuring CO2 from grains during storage has also been used as an indirect
method to monitor dry matter loss (DML) in grains (Steele, 1967; Steele et al., 1969;
Fernandez et al., 1985). Steele (1967) measured the deterioration of damaged shelled
corn by levels of CO2 production. In this work we will use conditions of the samples after
seven days (microbial load, pH, moisture content, fat acidity and/or water activity) under
the given conditions to determine if the product has been spent and the shelf-life
exceeded.

2.3

Treatment Technologies

The most common method for storing DWG is in a fresh pile, exposed to the
immediate environmental conditions (Nelson et al., 2009). The utilization of chemical
preservatives are becoming a popular method for treating DWG in order to keep the
product from spoiling. Preservatives such as CakeGuardTM (Alltech® Inc., USA), and
ZeniPro® (Kemin Inc., USA) are two of the common chemical preservatives used in the
United States. These brands use propionic acid as the major ingredient to increase the
shelf-life of DWG. The preservative is used coat the material and kill mold spores before
they can colonize. The product is added directly to the DWG and mixed to ensure that all
surfaces of the feed are coated. Another treatment to increase the shelf-life of DWG has
been to ensile the product after production. Ensiling involves bagging wet feed mixed
with forage materials and reducing the exchange of oxygen across the product. At time of
feeding, DWG mixed with corn silage has an improved aerobic stability as the proportion
of DWG increases (Garcia et al., 2006). Der Bedrosian et al. (2012) ensiled corn for
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various lengths of time and found that as storage length increased acetic acid increased as
well. Aside from chemical preservation, recent investigations into treatment technologies
with plasmas such as ozonation and high voltage atmospheric cold plasma are becoming
increasingly popular; however, they have yet to be used for DWG. In this section we
evaluate these new methodologies for preservation of stored grains and other products
similar to DWG.

2.3.1

Ozone and High Voltage Atmospheric Cold Plasma

Plasma is often referred to as the fourth state of matter and an electrically neutral
gas composed of molecules, atoms, ions and free electrons (Misra et al., 2014). The
plasma state, quasi-neutral medium, is determined by properties of the substance as well
as the size of the substance, an external factor (Morozov, 2013). The effect of ozone on
substances are one of the most researched of these ionizing species and oxygen radicals
are thought to be the dominant vector of inactivation (Connolly et al., 2012)
Ozone (O3) is a gas made up of three bonded oxygen molecules; it is highly
unstable and reacts with many elements. Ozone has been found to reduce the microbial
load in stored grains such as maize as well as decrease dry matter loss (McClurkin et al.,
2013; White et al., 2010). O3 reacts with microorganisms quickly by degrading them.
Theories suggest that O3 attacks the lipid double bonds in the cell membrane, which
results in a change in cell permeability causing lyses (Smith et al., 2000). The lipid
double bonds are carbon-to-carbon bonds with oxygen tails that make up mold (fungi) on
grain surfaces. Ozone breaks up the bonds on the surface and inhibits mold growth. Roy
et al. (1981) reported that the mechanism of inactivation of enteroviruses is by physical

35
disruption of polypeptide chains in the viral protein coat and/or by reaction with the
nucleic acid or both so as to affect attachment of intracellular steps on viral replication.
Ozone has the ability to oxidize (i.e., cause the loss of electrons) chains and break down
enteroviruses. Such strong oxidative abilities make O3 a very reactive molecule.
Understandings the methods of ozone generation were evaluated by McClurkin
(2009), and are provided in this section. There are multiple methods for ozone generation
and much research about the effectiveness of each method exists. There are three main
methods for ozone generation: electrochemical, ultraviolet radiation, and dielectric
barrier discharge (DBD). The most common method of ozone generation is the DBD
method. In this method double dielectric layers are used to prevent the buildup of free
electrons in the air gap between the plates. Two plates are used to conduct electricity;
they consist of an inner and outer layer. The inner layer is a poor thermal conductor and
the outer layer is a good thermal conductor. An electrode is a conductor that sends
electricity to a cell without entering into the cell reaction. The corona discharge principle
involves electrodes that are connected to an electric power source. This creates an
electrostatic field, i.e. corona, in the space between the dielectric materials of the
electrode. The dielectric member of the system is an electrode. As air passes between
these plates it is charged and ozone is produced (Collins, 1989). Both methods of ozone
generation in this research are by the corona discharge method. Ozone generated by
corona discharge has been reported to degrade aflatoxin in corn and cottonseed meals
(Dollear et al., 1968). Recently DBDs have been employed for generation of plasma
inside sealed packages (Pankaj et al., 2014).
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The High Voltage Atmospheric Cold Plasma (HVACP) Generation System has
been used to reduce microbiological contaminants from packaged food products. The
difference between ozone and HVACP is that the previous one is a plasma that would be
created by a process such as the latter one. HVACP uses various types of gas blends
which allow for the generation of many different reactive gas species, as we will shortly
discuss. Compared to ozone and ozone treatment, where pure oxygen is used to create
only the one gas species. This system employs DBD, with two parallel aluminum
electrodes and a gap space between them. The gap space between the electrodes is where
the current in the electrical field breaks down the gas between the plates. The advantages
of this system are: low operational costs, reduced treatment times at lower temperatures,
nontoxic in nature, and application for a wide variety of goods (Ziuzina et al., 2013;
Misra, et al., 2013). A system similar to that of Klockow & Keener (2009) will be used in
this research, and was used to obtain high concentrations of gas species for inactivation
of molds. Research into inactivation of E. coli, Salmonella sp, Listeria m. (Ziuzina et al.,
2013) and Bacillus atrophaeus spores (Patil et al., 2014) have been successful. Connolly
et al. (2012) created non-thermal atmospheric plasma inside a plastic package, by sending
high voltage to two parallel-plate electrodes, surrounding a zip-locked plastic package
filled with a helium/air mixture and placed between the electrode gap. They measured
current-voltage, charge-voltage, gap distance and dielectric barrier discharge intensity by
emission spectra (Connolly et al., 2012). Fill gas for the packages often include
combinations of air, O2, CO2, N2, and He (Chen, 2014). This system produces reactive
oxygen and nitrogen species, along with other radicals that have a role in providing
antimicrobial action. The generation of plasma inside a sealed package, such as HVACP,
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has shown potential beyond that of the singular production of ozone. The potential for
utilization of HVACP extends beyond packaged food applications to industrial facilities;
medical equipment, biofilms and beyond. Plasma consists of ions, electrons, neutral
species, and UV-visible light. Gordillo-Vazquez (2008) used a chemical model to
determine that air plasmas can produce more than 75 ionizing species and 500 chemical
reactions. Chen (2014) list the half-lives of major active plasma agents; ozone (O3),
singlet oxygen (1O2), atomic oxygen (O), carbon monoxide (CO), nitric oxides (NO2-,
NO3-), Peroxynitrite (NOO-) and hydroxyl peroxides. These agents are very bactericidal,
most notably carbon monoxide and the peroxides that are created in the system when
higher water contents exist.
There has been limited research into utilizing high voltage atmospheric plasmas to
reduce microbial load of stored grains, and what has been evaluated is its effects on
microorganisms (Connolly et al., 2012; Misra et al., 2013; Ziuzina et al., 2013), and food
products (Klockow et al., 2009; Misra et al., 2014). Connolly et al. (2012) assessed the
microbial susceptibility during the processing of a packaged solid food model system by
characterizing the survival of E. coli to exposure of active species generated by the
plasma. Methylene blue (MB) discolourisation was used to quantify the ionizing species
produced during the HVACP treatments (Connolly et al., 2012). MB is an indicator of the
reactive gas species produced in the package during the HVACP treatment. It is an
oxidation effect. MB is a dye that is often times found in the wastewater from industry
process, such as those from the textile industry. The MB dye does not break down by
normal environmental processes and must be removed through other means, like
oxidation (Ehrampoush et al., 2010). The oxidation produces hydroxyl radicals which
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attach the bonds of the dye and lead to the discolourisation. Similarly, a larger number of
ionizing species produced by HVACP will result in an increased discolourisation of
methylene blue. Grabowski et al. (2007) found that pulsed corona at 40kV can be used to
decolorize methylene blue after 20 minutes of treatment of 40kV. During this process the
dye molecules are oxidized, double bonds between N atoms and sulfuric groups are
attacked and broken down (Grabowski et al., 2007). Corona discharge by plasma
treatment has been successful in decolorizing methylene blue (Malik et al., 2002;
Magureanu et al., 2008; Grabowski et al., 2007; Misra et al., 2013). Misra et al. (2015)
used atmospheric cold plasma (ACP) to treat wheat flour, observing the changes in
secondary structures of proteins using FTIR spectroscopy. They found that by adjusting
the supply voltage and treatment time, the dough rheology and mixographic properties of
strong and weak wheat flour could be strengthened (Misra, et al. 2015).
Previous research has identified gap space, gas composition, supply voltage,
treatment time, type of bacteria and initial bacterial population as the experimental
parameters, which are involved in the bactericidal efficiency of plasma (Ziuzina et al.,
2013). It is important to understand how these parameters have an effect on the
inactivation of microbes. Misra et al. (2013) found that the dielectric is the key factor for
the proper functioning of the discharge. Gap space is the distance between the electrodes
of the ACP system, it is set according to the product and package being treated, but
allows for the electrical currents to flow through the space. As previously mentioned, the
HVACP system has the potential to produce reactive oxygen and nitrogen species; this is
all dependent upon the initial gas composition. Supply voltage and treatment time are
parameters that affect species generation, at higher voltages there is a higher rate
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generation of reactive species than at lower voltages (Keener et al., 2012). This also
allows for a higher concentration of reactive species being produced in less time.
2.3.2

Treatment of Grains

There has been increased research in areas related to post-harvest treatment of
stored grains. These treatments include modified gas treatments, ionization with gases
such as ozone and chemical treatments. Most research to date involves ozone treatments;
there is still a gap in research for HVACP treatments of stored grain products. Akabas et
al. (2006) treated pistachio nuts, which had been contaminated with Aflatoxin, and found
degradation of Aflatoxins increased with an increase in exposure time and ozone
concentration. These results mimic most post-harvest product treatment with ozone.
Tiwari et al. (2010) found a 3-log reduction in microbes associated with stored grains
after ozone treatments. Grain passed through a screw conveyor with humidified ozone
reduced surface fungi by up to 99% (McDonough et al., 2011). These results showed that
the presence of water increased the efficacy of ozone in the screw conveyor across the
product. This is supported by results on increased half-life time of ozone at higher
moisture contents (McClurkin et al., 2013).

2.4

Overview

With the increase in production of ethanol and its co-product, distillers grains,
methods of increasing utilization of distillers grains in its wet form (DWG) rather than its
dried form DDGS would not only save the industry, the cost incurred in drying, but also
conserve the use of fossil fuel (natural gas), decrease volatile emissions from drying
DDGS, and provide a better quality feed. This will require development of treatment
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methods beyond the current scope of chemical additives, silage and covered bunkers.
This research evaluates how HVACP can be adapted to DWGS treatments in order to
increase its shelf-life for utilization as a livestock feed three-fold from the current 3 to 7
days in both warm and cold ambient temperature conditions. This technology has the
potential to reduce expenses incurred in drying DWG in ethanol production facility,
while increasing the shelf-life of the DWG and allowing for utilization of DWGS beyond
the local cattle feeding facilities.
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CHAPTER 3. SHELF-LIFE OF DISTILLERS WET GRAINS WITH SOLUBLES

In this Chapter, the investigation of shelf-life of DWGS stored aerobically under
varying temperatures and soluble inclusion levels is presented. The results have been
presented at conferences and published in a peer-reviewed journal, with title and abstract
shown below. The chapter follows the format of the journal publication.
McClurkin, J.D. and K.E. Ileleji. 2015. The effect of storage temperature and percentage
of condensed distillers solubles on the shelf-life of distillers wet grains stored aerobically.
Journal of Stored Product Research 62 (2015): 58-64.
Abstract

Distillers wet grains with solubles (DWGS) are widely used as a supplemental protein
source in North American cattle rations. However, due to its short shelf-life, its use is
limited to cattle feeding facilities within close proximity of an ethanol production plant. It
is known that the shelf-life of DWGS in the summer diminishes drastically compared to
in the winter. This effect is primarily due to temperature, which drives mold growth in
high moisture feedstocks. The purpose of this study was to understand and quantify the
effect of temperature (10, 20, and 25oC) and condensed distillers solubles (CDS) levels
[0%, 20% and 30%] on the shelf-life of DWGS under warm and cool aerobic storage
conditions. Sample conditions which indicate shelf-life and product deterioration such as
moisture, pH, fat acidity (FA), fungal growth and mycotoxin levels were measured in the
DWGS samples before and after seven days of storage under three temperature levels
(10, 20, and 25oC). It was found that changes in temperature had the most significant
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effect on sample conditions (P < 0.05). After seven days of storage, moisture and water
activity (aw) decreased with increase in temperature. In comparison, it was determined
that FA, pH, fungal growth and mycotoxin levels increased with temperature after seven
days of storage. Also, FA and CFU increased with an increase in CDS level in DWGS. It
was concluded that after seven days of storage at both warm and cool aerobic storage
conditions, FA, aflatoxin, fumonisin and zearalenone levels increased. DWGS
deteriorated less at 10oC than at 20oC and 25oC, likewise less deterioration in 0% CDS
than in 20% and 30% was noted.

3.1

The effect of temperature and CDS on the shelf-life of DWG stored aerobically

3.1.1

Problem statement and Objectives

The objective of this study was to determine the effect of temperature and percent
CDS on the shelf-life of DWGS stored under warm summer and cold winter
temperatures. Distillers grains with solubles is a heterogeneous feedstock consisting
primarily of protein, fat, fiber, minerals and small quantities of residual sugars and
glycerol. It is known that the shelf-life of Distillers Wet Grains with solubles decreases
drastically in the summer compared to the winter. This effect is primarily due to
temperature, which drives mold growth. However, no studies have been conducted to
quantify the shelf-life of DWGS in relation to storage temperatures and the level of CDS
in the blend of DGWS. Feedstock chemistry does vary depending on the amount of
solubles mixed with DWG (Kingsly et al., 2010; Ganesan et al., 2008), which also alters
the final solids content (moisture content). Moisture content greatly influences spoilage,
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and hence shelf-life. The question then to ask is, “how much does the quantity of solubles
(CDS) blended with DWG affect its shelf-life? Additionally, the levels and types of
molds that grow and mycotoxins that are produced during deterioration of distillers wet
grains have not been monitored to ascertain deterioration rates and in fact accurately
determine shelf-life.

3.2

Background

Distillers Wet Grains with Solubles (DWGS), a co-product from the ethanol
production dry grind process, is a good source of energy, protein, vitamins, and minerals
(Ham and Stock, 1994; Ganesan and Rosentrater, 2008). During the production of
ethanol, once fermented beer is distilled, whole stillage containing the non-fermentable
portions of corn grain is centrifuged to separate insoluble solids from the remaining
liquids known as thin stillage. Thin stillage is further condensed by removing water using
evaporators to produce syrup known as condensed distillers solubles (CDS) which has
about 35 to 40% solids content (Kingsly et al, 2010). In 2012, 41% of distillers grains
produced were sold as a wet commodity (RFA, 2013). As an animal feed, both wet and
dried distillers grains, were utilized in beef cattle (48%) and dairy cattle (31%) feed
rations (RFA, 2013). Although DWGS is a cheaper feed option when compared with
distillers dried grains with solubles (DDGS), there are concerns with its very short shelflife. The shelf-life is defined as the time during which the product will remain safe and
when it is certain to retain desired sensory, chemical, physical and microbiological
characters (IFST, 1993). DWGS cannot be stored longer than 3 to 4 days in warm
weather (20 and 25°C) and 5-7 days in cold weather (10°C) (Johnson and Huber, 1987).
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Without proper storage and handling, DWGS can support the growth of multiple types of
fungi, some of which produce mycotoxins and thus make it unsafe for use as a feed
ingredient. Mycotoxins are secondary metabolites produced by fungi that can grow on
corn kernels during storage and are toxic and carcinogenic (Shotwell, 1977; Cleveland et
al., 2003). Common stored grain mycotoxins include aflatoxin, fumonisin and
zearalenone; the FDA has set guideline limits for these mycotoxins in grain. Aflatoxin
can be no more than 20 ppb in lactating dairy feeds and up to 300 ppb for finishing
(feedlot) beef cattle (FDA Compliance, 1979). Fumonisin levels must not exceed 60 ppm
for ruminants less than 3 months old being raised for slaughter and 30 ppm for breeding
ruminants (U.S. FDA, 2000). For zearalenone, no FDA limits are available. There is a
major limitation in feeding distillers grains wet because farmers do not have the means of
preserving quality in storage beyond one week, thus increasing frequency of trucking it in
and therefore delivery cost. Additionally, the short shelf-life of DWGS limits its market
to cattle feeding facilities that are close to ethanol plants and are able to continuously
utilize large amounts. For ethanol plants, eliminating drying of DWGS reduces
production cost and thereby increases profits. Increasing the shelf-life of DWGS provides
more cattle feeding facilities with an option of feeding distillers grains wet and access to
a higher quality low-cost feed in comparison to the dried product, DDGS. Additionally,
cost savings from not drying DWGS would benefit fuel ethanol plants and improve the
overall profitability of U.S. biofuels production from corn.
Distillers wet grains (DWG) are more susceptible to mold growth than whole corn
kernels because the pericarp of the grain has been completely disrupted (Garcia et al.,
2008). If used as a feed, mold contaminated grains can decrease the productivity and
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negatively affect the health of the animal (Garcia et al., 2008). There have been only a
few studies conducted that investigated the shelf-life of DWGS. A review of the literature
revealed that extension publications have given the approximate shelf-life of DWGS in
warm and cool weather and it appears that most of the shelf-life recommendations were
based on anecdotal evidence from farmers in the field or feeding trial experiments rather
than well designed experiments (Lardy, 2003; Garcia et al., 2008). A recent study on the
flowability of DDGS indicated that there is a significant interaction between CDS level
and ambient drying temperatures with regard to differences in flow parameters (Bhadra et
al., 2012). It was suspected that there might also be differences in the shelf-life of DWGS
with different levels of solubles, which would change the nutrient profile and moisture
content of DWGS and hence its shelf-life. Jay et al. (2005) states that the range of water
activity (aw) at which microbial growth occurs is greatest at optimum temperature for
growth (21-32°C). The presence of nutrients, such as found in CDS, increases the range
of aw for which the organism can thrive. It was expected that colony forming units (CFU),
pH and fat acidity (FA) would indicate levels of deterioration and the changes caused by
deterioration in storage, while moisture and aw might explain differences among the
sample treatments. Moisture and microbial analysis should correlate with the levels of
CDS blended with DWG. Therefore, the objective of this study was to understand the
effect of storage temperature (warm and cool season weather) and percentage CDS
inclusion on the shelf-life of DWG under aerobic storage for seven days.
3.3

Materials and Methods

In the area of food safety, shelf-life can be determined by various methods, one of
which is referred to as the direct method. For this method a product is stored under
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predetermined conditions for a given period of time longer than the anticipated shelf-life.
An evaluation of attributes such as aw, pH and oxygen availability is used to indicate
product related spoilage (NZFSA, 2005). Therefore, this method of determining shelf-life
was a key component of the tests performed in this study.
3.3.1

Sample preparation and Storage tests

DWG and CDS were obtained in 5 gallon plastic buckets from a local ethanol
plant in Indiana (New Energy Corp, South Bend, Indiana). The samples received were
immediately stored in a walk-in freezer at -20°C to prevent spoilage and maintain sample
integrity until storage tests could be conducted. In preparation for testing, samples were
placed in a walk-in cooler at 4°C, for 24 hours, to allow them to thaw. To produce
DWGS, the CDS and DWG were mixed in the container, and then divided into three
sterilized buckets, and filled by alternating between each bucket. Each bucket was filled
with 2000 g of DWG. CDS was incorporated by weight to yield 0%, 20% and 30%
inclusion and then blended with a hand mixer. Samples were removed and randomized
within CDS blends for the test conditions. Any product that was not used was placed
back in the cold freezer at -20°C.
Experiments were conducted using a 3x3 full-factorial design, with three storage
temperatures (10, 20, and 25°C) and three CDS levels (0, 20 and 30%), yielding a total of
nine treatment combinations. These treatment combinations were implemented using a
completely randomized design. DWGS samples were prepared in three replications, thus
yielding 3 x 3 x 3 = 27 experimental runs. Sample properties were determined before and
after the storage tests using three replicate measurements for each treatment combination.
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DWG samples with three different additions of CDS each with a total of 125 g were stored
in 4.7x10-4 m3 (16 oz) glass Mason jars for seven days at the three different temperatures
in three Percival Scientific Biological Incubators (Percival Scientific Inc., 1-36VL, Boone,
Iowa), mimicking summer and winter temperatures. DWGS blends were placed in glass
mason jars and stored without lids under aerobic conditions at the given temperature
conditions. Samples were stored for seven days, which was the anticipated shelf-life for
DWGS stored at cool winter temperatures.
To determine the level of deterioration on DWGS chemistry, changes in moisture,
aw, mycotoxin levels, numbers of colony forming units (CFU), pH, and FA before and
after seven days of storage were measured.
3.3.2

Pre and post analysis of stored samples

The analyses conducted before and after storage were completed using subsamples of DWGS from the replicate blends and from the storage jars, respectively.
Analyses were conducted in three replications for each test. The moisture contents of subsamples of DWGS before and after the storage tests were determined by the NFTA
2.2.2.5 method (Shreve et al., 2006) where 2 grams of the sample were placed in an air
oven for 3 hours at 105°C. All moistures were determined on a dry basis. Water activity
of sub-samples of DWG and CDS blends before and after the storage tests were measured
using an AquaLab Water Activity meter (Series 3, AquaLab, Pullman, WA). The pH was
measured with a probe pH meter (pH Electrode LE427, Mettler Toldeo, Columbus, OH)
used for solids. Fat Acidity values were measured by titration according to AACC
standards 02-01 and 02-03 (AACC, 1995) and expressed as the milligrams of potassium
hydroxide (KOH) required to neutralize the free fatty acids from 100 g of grain (mg
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KOH/100g). The method involved extracting free fatty acids from milled DWGS using
purified toluene and titrating with a CO2 free standard solution of 0.0178N KOH. The
reported titration values are an average of the three replicates.
Additionally, the susceptibility to deterioration for the DWGS blends prior to
storage was determined by measuring the carbon dioxide (CO2) given off by fungi
growing on DWGS according to Moog et al. (2004). This test was used to determine the
comparative susceptibility to spoilage of the various DWGS blends. This involved the
use of CO2 indicator paddles to determine the quantities of CO2 produced after
incubating. Methods from Moog et al. (2004) were followed, described here in brief:
DWGS samples (100 g) were stored for 72 hours at the given conditions in similar
4.7x10-4 m3 (16 oz) Mason jars. A slit was placed in the top of the mason jar lid and
sealed with transparent tape, allowing for the indicator paddles to hang inside the jar and
to be periodically removed. The paddles use a gel that changes color as ambient percent
CO2 increases. After 72 hours in the jar, CO2 levels were measured every hour for the
next 8 hours. The paddles were removed, the jar resealed and CO2 levels were read from
the paddles using a Solvita® digital color reader, (Woods End Research Lab, Mt. Vernon,
ME), which gave calibrated numerical values corresponding to CO2 concentration.
Equation 3.1 describes the relationship, where y is the CO2 concentration and x is the
numerical reading from the digital color reader (Chitrakar et al., 2006),
0.1027 ∗

.

∗

Equation 3.1

After each reading was taken, the paddles were replaced and the tape used to reseal the slit,
until the next reading one hour later. The time required to complete a measurement was
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about one minute, with only about 15 seconds where the lid was open and not sealed with
tape.
The microbial load from sub-samples before and after storage was determined
through dilution plating followed by counting CFUs. To measure the change in fungal
populations, 5-gram (g) samples were removed from each jar and placed in sterile 250
milliliters (ml) flasks with 1 ml of Triton X-100 solution. After shaking for 2 minutes, the
wash was transferred to a sterile 2 ml tube. The wash was then serially diluted onto malt
salt agar to obtain a count of the surface fungi (Suanthie et al., 2009); 10 μl of each
dilution were plated. After 3 days of incubation at 28°C, colonies were counted giving
CFU values. Three replications were evaluated for each sub-sample tested.
Mycotoxin levels in DWGS samples before and after seven days of storage were
determined using Romer® Labs aflatoxin, fumonisin and zearalenone assays (Romer
Lab, Union, MO) and an enzyme-linked immunosorbent assay (ELISA) reader (Thermo
Scientific, Multiscan EX, Waltham, MA). Mycotoxin tests were performed at Battelle
Memorial Institute (Columbus, OH). The limits of detection for aflatoxin, fumonisin and
zearalenone tests were 1-20 ppb, .25-5 ppm, and .25-1 ppm respectively. Tests were
completed according to the methods found in the Romer® Labs Mycotoxin Assay testing
manuals. In general this involved preparing the sample by placing 20g of ground sample
into a glass vial, and filling them with 100 mL of a 70/30 (v/v) methanol/water extraction
and sealing the jar. The sample was then shaken for 3 minutes and filtered into a conical
tube using a Whatman #1 filter and diluting the extract to 1:20 in order to prepare it for
the testing. Testing involved pipetting conjugate, sample extract, distilled water, substrate
solution and a stop solution into a 96 well plate. For each replication of the 96 well plate,
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standards were included in order to calibrate the results from the other samples. A doseresponse curve was created using the five standards, an average of the two tests were
used as the x values. Y values corresponded to the standards (0, 0.25, 1, 2.5 and 5ppm),
from there, the unmodified values for each test were calibrated to the response curve.
CO2 levels produced by fungi growing on DWGS were also monitored to evaluate
shelf-life. For the initial tests, 40g of DWG:CDS blends were added to 8 oz mason jars.
This method used Solvita® CO2 indicator paddles and a digital color reader, developed
by Woods End Research Lab (Mt. Vernon, Maine). Paddles are coated with a thin film of
polymer, which changes color according to the level of CO2 in the surrounding air. The
color change is read by a color reader, which had been calibrated to correlate color with
CO2 concentration. Three replications, each of about 15-20 g of DWGS, from the four
batches were put in sealed glass jars and monitored for CO2 production beginning at 48-h
and increments of 1-h thereafter (Moog et al., 2004).

3.3.3

Statistical Analysis

Statistical analysis was conducted with SAS v9.1® (SAS Institute, Cary, NC,
2004) using a 2 way Analysis of Variance (ANOVA) with heterogeneous variances. The
first factor was the three CDS blends (0, 20 and 30%), and the second factor was the
three temperatures (0, 20, 25°C), with 9 different treatment groups. The responses include
CFU, aflatoxin, fumonisin, zearalenone, FA, aw, pH, and moisture. The statistical model
used was as follows,
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Yijk: CFU or Moisture., …, or Fumonisin
αi: effect of ith level of CDS (i=1,2,3,4), Σαi=0
βj: effect of jth level of TEMP (i=1,2,3), Σβj=0
(αβ)ij: interaction of ith level of CDS and jth level of TEMP, Σ(αβ)ij=0
ϵijk: error, independently distributed as Normal (0,σ2)
In the SAS run a proc glimmix was used, and the slice command as well, in order to
understand significant interaction at each temperature. For measurements before storage
and after seven days of storage, a one-way ANOVA was performed to see which factor
had a greater effect on the difference evaluated with the 2-way ANOVA. The responses
include CFU, aflatoxin, fumonisin, zearalenone, FA, aw, pH, and moisture. For before
storage and after seven days of storage, a one-way ANOVA was performed to see which
factor had a greater effect on the difference evaluated with the 2-way ANOVA.
Differences in pairs were tested for statistical significance at a 0.05 probability level. In
order to look at how the CDS and temperature affected the moisture over time, statistical
analysis was conducted on the difference between the values before and after seven days
of storage.

3.4
3.4.1

Results

Changes of moisture content, water activity, pH and fat acidity during storage
Statistically significant differences (Table 3.1) in moisture, aw, pH, and mycotoxin

levels due to temperature were observed among samples stored under different
temperature conditions after seven days of storage (α = 0.05, 95% confidence level).
However, FA was significant for the interaction between CDS and temperature, and not
temperature alone. This means that temperature and CDS levels affected storage. The
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results showed that the moisture prior to storage for the samples decreased as the CDS
content increased (Table 3.2). Even though CDS is syrup in form, the samples used in
this work had a higher solids content than the DWG samples and therefore, caused the
moisture to decrease as CDS increased (Table 3.2).

Table 3.1 Statistical Analysis for DWG at 3 different blends stored for 7 days at 3 different temperatures.
Treatment
Moisture Content

pH

Water Activity (aw)

Fat Acidity

Aflatoxin

Zearalenone

Fumonisin

Effect

F Value

Pr > F

Temp (°C)

F Value

Pr > F

CDS
Temp
CDS*Temp
CDS
Temp
CDS*Temp
CDS
Temp
CDS*Temp
CDS
Temp
CDS*Temp
CDS
Temp
CDS*Temp
CDS
Temp
CDS*Temp
CDS
Temp
CDS*Temp

3.82
93.82
1.21
4.00
88.9
6.74
0.42
31.35
7.39
1.96
2.64
17.43
4.82
11.81
3.08
22.76
38.46
12.27
1.63
18.4
1.83

0.0414
<0.0001
0.3428
0.0365
<0.0001
0.0017
0.664
<0.0001
0.001
0.1701
0.0991
<0.0001
0.022
0.0006
0.0443
<0.0001
<0.0001
<0.0001
0.2234
<0.0001
0.1667

10
20
25
10
20
25
10
20
25
10
20
25
10
20
25
10
20
25
10
20
25

3.53
0.15
2.55
16.76
0.48
0.4
2.29
2.86
10.02
26.36
6.09
4.37
3.06
3.8
4.64
44.49
1.59
1.21
0.11
3.88
1.3

0.0508
0.8651
0.106
<.0001
0.6281
0.6763
0.1305
0.0837
0.0012
<.0001
0.0096
0.0284
0.0731
0.0432
0.0247
<.0001
0.2307
0.321
0.8936
0.0397
0.2968
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Table 3.2 Sample analysis for DWG at 3 different blends stored for 7 days at 3 different temperatures.

Storage
Temp

CDS
(%)

M.C. (d.b.)
Initial

M.C. after 7
day storage

Aw Initial

Aw after 7
day
storage

pH Initial

pH after 7
day
storage

10
10
10
20
20
20
25
25

0
20
30
0
20
30
0
20

74.14(0.95)a
73.00(1.59)a
70.39(0.17)a
72.58(7.27)a
68.89(5.80)a
71.06(0.32)a
74.14(0.95)a
73.00(1.59)a

62.42(3.16)b
65.32(2.40)b
55.24(0.19)b
34.36(7.61)b
32.32(4.54)b
32.89(1.71)b
39.67(10.03)b
35.94(1.68)b

0.98(0.00)a
0.97(0.00)a
0.97(0.00)a
0.98(0.00)a
0.98(0.00)a
0.97(0.00)a
0.98(0.00)a
0.97(0.00)a

0.98(0.00)b
0.98(0.00)b
0.97(0.00)a
0.98(0.01)a
0.97(0.02)a
0.96(0.01)a
0.93(0.00)b
0.95(0.00)b

3.81(0.03)a
3.78(0.02)a
3.77(0.01)a
4.03(0.04)a
4.02(0.02)a
4.01(0.13)a
3.81(0.03)a
3.78(0.02)a

25

30

70.39(0.17)a

30.90(2.23)b

0.97(0.00)a

0.96(0.00)b

3.77(0.01)a

FA Initial
(mgKOH/100g)

FA after 7 day
storage

3.79(0.02)a
4.92(0.47)b
3.94(0.01)b
5.62(0.29)b
5.37(0.13)b
5.44(0.09)b
5.88(0.22)b
5.76(0.32)b

1.64E+02(1.50E+01)a
2.01E+02(1.30E+01)a
2.57E+02(7.10E+00)a
1.64E+02(1.50E+01)a
2.01E+02 (1.30E+01)a

4.95E+02(6.05E+01)b
5.57E+02(3.90E+01)b

2.57E+02(7.10E+00)a
1.64E+02(1.50E+01)a
2.01E+02(1.30E+01)a

2.45E+02(2.01E+01)a
3.22E+02(6.45E+01)b
3.34E+02(7.36E+01)a
4.65E+02(5.14E+01)b
3.47E+02(7.07E+00)b
4.19E+02(5.31E+01)b

5.69(0.36)b

2.57E+02(7.10E+00)a

4.81E+02(8.49E+01)b

*standard deviation in parentheses
Within temperature and CDS level, the means for indicators (Moisture content (M.C.), aw, pH and FA) before storage and after 7 days
of storage followed by different letters are significantly different (P<0.05; t-test).
a
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Water activities for all the sample treatments were 0.97 or above before storage.
The higher aw values were recorded for the samples with less CDS, which had a higher
moisture. After seven days of storage, the aw remained the same for most of the sample
treatments, decreasing very minimally for samples stored at 10 and 20°C (Table 3.2). At
25°C (CDS of 0%) there was a larger decrease in aw, after seven days of storage.
Likewise, from Table 3.1 aw was significant at 25°C, and not at the other temperatures.
From the statistical analysis we found that heterogeneity in residual is because of
temperature and not CDS inclusion levels. Analysis was ran with group variable as
temperature, meaning analysis was for different variance by temperature. The distribution
was changed and the corrected residual plot is seen below in Figure 3.1. The data,
basically, stays within the 2 to -2 range for residual.
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Figure 3.1 Studentized residuals for moisture content
During the production of ethanol from corn, sulfuric acid is added to the slurry to
produce a pH between 4-4.5 (Rosentrater et al., 2012), resulting in DWG and CDS with
acidic pH levels. The pH for all the samples before storage ranged from 3.77 to 4.03
(Table 3.2). It was found that CDS was acidic, therefore as the percentage of CDS
inclusion on DWGS increased the pH slightly decreased. In general, the pH increased
from day one to the seventh day of storage (Table 3.2).
Fat acidity was measured as the mg of KOH required to neutralize 100 g of DWG.
In general, FA increased with percent CDS before storage (Table 3.2), as expected since
FA is positively correlated with oil content. After seven days of storage, FA increased for
all the samples except for DWGS with 30% CDS stored at 10°C. For all the samples that
increased in FA, the percent increase in FA was from 40 to 67%. The interaction
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between CDS and ambient temperature for the change in FA values over the seven day
period was significant (Table 3.1).

(a) Before titration.

(b) Color change after titration.

Figure 3.2 Fat acidity tests: picture of color standard compared (right beaker of left
picture, a) and extract from DWGS (left beaker of left picture) in FA titration of DWGS
sample stored at 20°C for 7 days.
After the initial 72 hours of sample incubation to determine DWGS susceptibility to
deterioration by measuring CO2, readings for hours 72 and 73 were relatively close, at or
near zero. It was between hours 74 and 79 where trends in CO2 concentration levels were
noted. For these, 6 hours past the initial 72 hours, CO2 concentration as indicated by the
digital color reader is shown in Figure 3.3-3.5. Figure 3.3 gives the CO2 concentrations
for samples with a 0% CDS inclusion level, Figure 3.4 gives the concentrations for
samples with 20% CDS inclusion level, and Figure 3.5 gives the concentrations for
samples with 30% CDS inclusion level. Note that increasing color numbers from 1
upwards corresponds to increasing levels of CO2 produced by fungi growing on DWGS
(Moog et al., 2010). Samples stored at 25°C with 0% CDS had the highest color number
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while samples stored at 10°C with 0% CDS had the lowest color number. In general, CO2
production began to level off at the 75th hour, and CO2 levels corresponded to the rates of
mold growth driven by feedstock moisture and storage temperature.
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Figure 3.3 Comparison of changes in CO2 for 0% CDS inclusion at varying temperatures.

74

DCR Reading (color no.)

6

10C_20%
20C_20%

5

25C_20%

4
3
2
1
0
74

75

76

77

time (hrs)

78

79

Figure 3.4 Comparison of changes in CO2 for 20% CDS inclusion at varying
temperatures.
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Figure 3.5 Comparison of changes in CO2 for 30% CDS inclusion at varying
temperatures.
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Similar results are noted for the CO2 levels of samples stored with varying CDS inclusion
levels. At 10°C all of the CDS levels had a low color number, which remained constant
over the testing time. This correlated to minimal CO2 production from the sample. Over
time the CO2 levels for the 20% CDS inclusion, at 20 and 25°C, samples tops off around
4, similar to that of the 0% CDS inclusion level. However, the CO2 levels for the 30%
CDS inclusion levels for samples stored at 25°C dropped below that of the lower
temperature.

3.4.2

Changes in microbial and mycotoxin levels during storage

Mycotoxin proliferation was significant due to temperature changes (P<0.05). In
Table 3.3, it was found that as the percent CDS increased, the CFU values increased for
the samples before storage. After seven days of storage, the CFU values of all the
samples and storage temperatures increased. Over the seven days of storage, CFU values
show up to a 2 log increase (Table 3.3). The largest increase in CFU over the storage
period was for CDS of 0% at 10°C, and the smallest percentage increase was for 30% at
10°C (Table 3.3). A large percentage change (133.5%) from CDS of 0% to CDS of 30%
for samples measured before storage was noted.

Table 3.3 Microbial Analysis for DWG at 3 different blends stored for 7 days at 3 different temperatures.

Storage
Temp

CDS
(%)

CFU
Initial

CFU after 7 days storage

AFLA
(ppb)
Initial

AFLA (ppb)
after 7 day
storage

FUM
(ppm)
Initial

FUM (ppm)
after 7 day
storage

ZEA
(ppm)
Initial

ZEA (ppm)
after 7 day
storage

10
0
2.00E+03a 8.87E+04(2.92E+06)bA
1.47a
1.63(0.04)bA
1.35a
1.27(0.29)aA
0.19a
-0.03(0.00)bA
10
20
3.78E+03a 1.78E+05(1.80E+05)aA
1.54a
1.55(0.07)aA
0.63a
1.23(0.06)aA
0.33a
0.13(0.02)bA
a
bA
10
30
4.67E+03 2.07E+05(2.00E+04)
1.94 a
1.41(0.02)bA
0.59a
0.87(0.76)aA
0.55a
0.19(0.02)aA
a
aB
a
aA
a
bB
a
20
0
2.00E+03 3.70E+04(9.65E+05)
1.47
1.55(0.13)
1.35
2.12(0.38)
0.19
0.05(0.03)bA
20
20
3.78E+03a 2.00E+05(3.61E+05)aB
1.54a
1.42(0.08)aA
0.63a
1.84(0.40)aB
0.33a
0.09(0.04)bB
20
30
4.67E+03a 1.56E+05(1.02E+05)aB
1.94 a
1.32(0.01)bA
0.59 a
0.29(1.12)bB
0.55a
0.05(0.04)bB
a
aC
25
0
2.00E+03 3.06E+05(4.65E+06)
1.47a
1.24(0.18)aA
1.35 a
3.16(1.03)bB
0.19a
-0.05(0.04)bB
a
aC
a
aA
a
aB
a
25
20
3.78E+03 3.04E+05(1.89E+05)
1.54
1.42(0.08)
0.63
2.42(0.96)
0.33
-0.03(0.05)bB
25
30
4.67E+03a 3.63E+05(2.33E+05)aC
1.94a
0.96(0.54)bA
0.59 a
3.20(0.79)bB
0.55a
0.00(0.02)bB
*FDA Guidance Levels: Aflatoxin can be no more than 20ppb in lactating dairy feeds and up to 300ppb for finishing (feedlot) beef
cattle. Fumonisin levels must not exceed 60ppm for ruminants less than 3 months old being raised for slaughter and 30ppm for
breeding ruminants. No FDA guidance levels are available for Zearalenone.
a
Within temperature and CDS level, the means for indicators (CFU, AFLA, FUM, ZEA) before storage and after 7 days of storage
followed by different letters are significantly different (P<0.05; t-test) represented by lower-case letters and the upper-case letters
represent the differences within temperature and CDS level, the means for indicators (10, 20 and 25°C) after 7 days of storage followed
by different letters are significantly different (P<0.05; tukey)
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Aflatoxin (ppb) levels increased as CDS inclusion increased, before storage. After
seven days of storage aflatoxin values were lower with increase in CDS inclusion and
likewise were less with an increase in temperature. The largest change for aflatoxin
values, after seven days of storage, was DWGS with CDS of 30% at 25°C (Table 3.3).
There is an increase in aflatoxin levels in DWG samples (0% CDS) from the initial (zero
days of storage) to the final (seven days of storage) at 10°C and 20°C. Fumonisin levels
(ppm) were lower before storage as the CDS level in DWGS increased. After storage the
fumonisin levels were lower with the increase in CDS and increased as temperature
increased. The largest increase in fumonisin (442%) was seen for CDS of 30% stored at
25°C for 7 days. Zearalenone levels before storage increased as the CDS levels increased.
After seven days of storage, zearalenone (ppb) increased with increasing CDS content.
However, the levels of zearalenone were lower for each storage temperature after seven
days of storage; the largest change in these levels being the samples stored at 25°C with
30% CDS inclusion (Table 3.3).

3.5

Discussion

The objectives of this study were to understand and quantify the effect of storage
temperature (warm, 20 and 25°C) and cool (10°C) and CDS inclusion on the shelf-life of
DWG under aerobic storage conditions after seven days. Table 3.4 shows the conditions
for minimal, optimal and maximum growth of various common stored grain fungi.
Storing grains at these conditions increases the likelihood of proliferation by fungi in
stored grains.

Table 3.4 Equilibrium Moisture Content (EMC), Minimum relative humidity (RH) for Corn Germination, Temperature (Minimal,
Optimal and Maximum), Optimal pH, Water Activity, CO2 levels for three mold species to grow on DWGS (Stroshine et al., 1985).

Species

EMC
(%)

Min. % RH,
Germination

Min Temp.
(°C)

Optimal
Temp. (°C)

Max Temp.
(°C)

Alternaria

19

91

-4

20

36-40

16-17

82

6-8

36-38

44-46

19

91

4

28

36

Aspergillus
flavus
Fusarium
moniliforme

Optimal pH

Water Activity (%)

6.5
(Daigle et al. 1991)
5.0
(Holmquist, 1983)
7.0
(Marin, 1995)

0.98
(Magan, 1984)
0.99
(Holmquist, 1983)
0.994-0.96
(Marin, 1995)

CO2
>90%
25%
61.7%

78

79
The large decrease in aw at 25°C, CDS of 0%, can be explained by the decrease in
moisture, most likely caused by drying under aerobic conditions, as noted in the results
for moisture The drying effect occurred likely due to the smaller samples size of DWGS.
The sample size of DWGS in the jar was small (125 g) and aerobic drying under the
prevailing warm environment most likely occurred. Labuza et al., (1985) also shows how
aw for dried foods decreases as the temperatures increases. Recall that aw is the amount of
water available to react with another material, or react with elements to initiate food
spoilage, and moisture is the amount of moisture present in the sample. Moisture exists as
a free molecule in distillers grains and therefore can lead to mold growth during storage

Equilibrium moisture content
(% dry basis)

(Debnath et al., 2002).
25
23
21
19
17
15
13
11
9
7
5

10°C
20°C
25°C
30°C
40°C

20 25 30 35 40 45 50 55 60 65 70 75 80 85 90
Equilibrium relative humidity (%)

Figure 3.6 Moisture sorption relationships of DDGS at varying temperatures (after
Kingsly et al., 2009)

While the lack of change in aw especially with the large decrease in moisture from 70% to
30% appears surprising, Kingsly and Ileleji (2009) indicate that it is in fact in accordance
with the moisture sorption relationship of distillers grains. Kingsly and Ileleji (2009)
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showed that as moisture of DDGS increased above 25% it followed the BET Type III
isotherm with an asymptotic growth at high relative humidity (RH) levels (Figure 3.6). A
similar trend was also reported by Ganesan et al. (2008). This means a large change in
moisture results in a very small change in aw, in other words the lack in change of aw is
supported by the decrease in moisture at these levels in distillers grains.
Deterioration of the grain occurs by various types of changes, the hydrolytic
break-down of fats and the formation of free fatty acids is the most rapid and signals the
earliest stage of quality loss (Becker, 2008). Fat acidity is the enzymatic hydrolysis of the
fats to release free fatty acids and oxidation of the unsaturated fatty acids to form acidic
degradation products. In this work, the FA value was measured by titration and defined
according to AACC standard 02-01 and 02-03 as the milligrams of potassium hydroxide
required to neutralize the free fatty acids from 100 g of grain. This deterioration can
occur from improper storage, mold growth, high respiratory activity, or spontaneous
heating, which can all produce high FA values (Becker, 2008). Fat acidity values
increased with an increase in microbial load. Previous research by Ileleji and Wilcke
(2003), showed that moldy grains, such as shelled corn, had high FA values (Dirks et al.,
1955). Ileleji and Wilcke (2003), showed that fungi induced the increase in FA and that
there was greater fungal growth at higher moisture contents of shelled corn. It has been
noted from literature that the FA of freshly harvested corn can range from 11.6 to 63 mg
KOH/100 g of Dry Grain (Foster et al., 1955; Ileleji, et al., 2003). There is limited data
on the FA of DWGS, however literature exists on the fatty acid composition of DWGS
and the fat acidity of meats of animals fed DWGS. It is to be expected that the FA values
for DWGS will be ~3 times higher than that of corn, just as expected for molds and
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mycotoxins. The increase in microbiological activity is due to the fact that DWGS, the
ground corn product left after ethanol production process, by weight ends up being 1/3
less than that of corn. Although reduced in weight the amount of molds and mycotoxins
are concentrated into that smaller sample because they are not destroyed during the
ethanol fermentation process or the distillers grains production process. Therefore by
comparison, DWGS samples will have 3 times as much of that as corn. These results
indicate that FA can be used as a measure of grain spoilage in shelf-life studies.
Sulfuric acid is used to balance the pH during fermentation in corn ethanol
production, and hence it is expected that CDS would be acidic. These results show that
the sample becomes more basic over the storage period. It appears that pH increases in
correlation to CFU increase, as the microbial organisms create an environment more
suitable for their growth (Jay et al., 2005), similar to that found in Pedersen et al. (2004),
for lactobacilli and pH. Oil content in DDGS increases with increase in CDS content
(Ganesan et al., 2008; Kingsly et al., 2010). This is why the increase in FA with increase
in CDS level was associated. The results presented in this paper, for FA of DWGS after
seven days of storage, agree with that of Ileleji and Wilcke (2003), which showed a
positive correlation between oil content and FA after storability tests in corn. The values
found in this work were much higher than those for Ileleji and Wilcke (2003), as
expected because of the higher levels of fat in CDS than corn grain (Kingsly et al., 2010).
The CO2 test results were a good indicator of DWGS susceptibility to spoilage.
Rosentrater and Lehman (2010) found that CO2 production in DWGS was an indicator of
microbial activity and increased over time in stored DWGS samples. CO2 production by
fungi increased with increasing temperature and moisture. These CO2 values show that if
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the sample were exposed to warmer temperatures at any CDS level it would be more
susceptible to mold invasion.
The U.S. FDA has established maximum allowable levels for mycotoxins, action
levels for aflatoxin and guidance levels for fumonisin. Aflatoxin can be no more than 20
ppb in lactating dairy feeds and up to 300 ppb for finishing (feedlot) beef cattle (FDA
Compliance, 1979). Fumonisin levels must not exceed 60 ppm for ruminants less than 3
months old being raised for slaughter and 30 ppm for breeding ruminants (U.S. FDA,
2000). Currently for zearalenone there are no FDA action or guidance levels available. In
general, in the industry, mycotoxin levels remain below FDA action levels for DWGS
and DDGS, since most ethanol plants will monitor grain quality and reject corn sources
that have been contaminated with mycotoxins (USGC, 2012). Keller et al. (2013)
compared mycotoxin levels before and after fermentation of corn silage, and found that
the frequency of aflatoxin occurrence in sections of the silo increased while the other
mycotoxins remain the same in corn silage. These results confirm that under certain
conditions some mycotoxin producing species are more competitive and dominate in
growth and metabolization on DWGS. This is most likely the reason it is found that some
mycotoxin levels decreased (zearalenone) after storage and others increased (fumonisin
and aflatoxin). Mycotoxins increase because the CFU increased and seven days is
sufficient time for metabolization of mold species at the high moisture levels investigated
(Richard, 2007). CFU increases with temperature because the higher temperatures are
more suitable for microbial growth. The initial values of CFU indicate that the addition of
CDS incorporated a higher microbial load on the DWGS blend. Although mycotoxin
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values increased for some toxins, FDA action levels are not exceeded after seven days of
storage.
Ganesan et al. (2008) states that DDGS stored at different temperatures and
humidity conditions can lead to physical and chemical changes in the material. In
comparing the changes of CFU values with the sample condition properties some
correlations can be made. Over the seven day storage period, it was found that CFU
increased with temperature as well as with CDS level. The initial moisture of the samples
decreased with an increase in CDS inclusion, and over time correlated with the
aforementioned increase in CFU with CDS and temperature. Likewise, the higher aw
values before storage showed the sample was susceptible to microbial growth (Jay et al.,
2005). This was observed in this study, as the sample properties changed over the storage
period. Moisture content and temperature are two primary factors that have been used to
determine the rate of fungi growth in literature. Jay et al. (2005) found that there is a
correlation between aw, temperature and available nutrients for common food microbes,
as previously discussed. It was found that parameters such as aw, moisture and FA can be
used to show deterioration of DWGS for cool (10°C) and warm temperatures (20 or
25°C) (Table 3.2). The extrinsic parameter of the warm storage temperature, high
moisture feedstock and the addition of the nutrient enriched CDS, presented an
environment where both fungi and bacteria could proliferate.
This study showed significant differences in moisture, aw, pH, FA and CO2 before
and after aerobic storage of DWGS with 0, 20 and 30% CDS content by weight stored at
10, 20 and 25°C. Temperature had the greater effect on the parameters measured than
CDS content. Of the parameters, which correlate to shelf-life, FA, pH and CFU values
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were sufficient in expressing spoilage. The mycotoxin levels after seven days of storage
did not exceed safe level thresholds acceptable for use in feed. However, components
used in the direct method of shelf-life determination showed that spoilage of the DWGS
did occur within 7 days at both cool (10°C) and warm (20 or 25°C) temperatures and for
the three CDS content levels. The study indicated that DWGS deteriorated less at 10°C
(cool weather) than at 20 or 25°C (warm weather).
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CHAPTER 4. THE EFFECT OF IONIZATION AND CO2 MODIFIED
ATMOSPHERE, AND THEIR COMBINATION ON SHELF-LIFE OF DWG

In this Chapter, the effect of ionization using high voltage atmospheric cold plasma
(HVACP) and CO2 to increase shelf-life of DWG is presented. The results have been
presented at conferences and submitted for publication to Food and Bioprocess
Technology, as listed below:
McClurkin, J.D., K.E. Ileleji and K.M. Keener. 2015. High voltage atmospheric cold
plasma treatment of distillers wet grains and its effect on shelf-life. Food and Bioprocess
Technology. FABT-S-15-00447 (in review).

Abstract
Treated samples and a control were stored for 0, 7, 14, 21 and 28 days at 10°C and 25°C,
after which treated samples were measured for mold growth indicated by pH, moisture
content, and microbial load (CFU/g) in order to determine if shelf-life was extended. We
found that treatments have a significant effect on shelf-life indicated by CFU/g (P<0.003)
and pH (P<0.0001). The combination treatment of HVACP and CO2 preserved the
sample for 28 days with a 6-log reduction in the microbial load compared to the untreated
sample. The in-package HVACP treatment (5-6 log reduction for day 28) allowed for
moisture to be preserved and only permitted slight increases in pH for the combination
treatment. The samples with the combination treatment stored at both 10°C and 25°C had
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the lowest microbial load when compared to the other treatments (Table 3). CO2
treatment allowed for a 6-log reduction and
HVACP treatment alone allowed for a 5 to 6 log reduction. The study showed that the
shelf-life of DWG at about 60 to 65% moisture can be extended by 3 to 4 fold (up to 28
days at 10oC and 21 days at 25oC) by using a combined treatment of HVACP and CO2.
4.1

The effect of ionization and CO2 and their combination on shelf-life of DWG
4.1.1

Problem Statement and Objectives

There are currently limitations to storing and feeding Distillers Wet Grains (DWG)
due to their high moisture content and potential for spoilage and mycotoxin infection.
However, storing DWG as a wet product provides an opportunity to deliver a better
quality, lower cost feed to cattle feeding facilities in the geographic vicinity of the
ethanol plant and beyond. In this study we evaluated the differences in quality
characteristics for DWG samples after ionization using high voltage atmospheric cold
plasma (HVACP) treatments in order to preserve and increase shelf-life. It was
hypothesized that microbial loads in wet feedstock could be eliminated by ionization
using HVACP and any potential growth of mold can be further suppressed by storing
DWG in modified atmosphere using CO2. Therefore, the primary objectives were to
investigate the efficacy of two preservation methods and their combination on shelf-life
of DWG. Preservation methods tested were 1) in-package high voltage atmospheric cold
plasma for microbial elimination, 2) CO2 modified atmosphere for suppression and 3) the
combination of the two.
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4.2

Background

In the US, over 90% of feed grain production is corn, of which about 217 million
MT (10 billion bushels) are used for fuel ethanol production (USDA, 2010). Over the
past few years, there has been a push to increase the production of ethanol as an
alternative fuel (Energy Independence and Security Act of 2007). Most of the ethanol
produced in the U.S. is by dry-grind process where the corn is ground, cooked, liquefied,
saccharified, fermented and distilled. This process produces ethanol and two co-products,
distillers wet grains (DWG) and carbon dioxide (CO2). The majority of the DWG
produced is mixed and dried with condensed distillers solubles and sold as distillers dry
grains with solubles (DDGS), an animal feed. Distillers grains contain an average of
27.38% crude protein, 4.56% fat, 0.61% phosphorus 7.3% starch, and 25.3% neutral
detergent fiber (Stein et al., 2009) and are known to be a good source of protein, energy,
fiber, and phosphorus (Kingsly et al., 2010). Direct feeding of distillers wet grains with
solubles (DWGS) is also common due to their rich nutrient content, which after starch
extraction is concentrated threefold (Klopfenstein et al., 2007). Due to the high moisture
(65-70%, wet basis) of the nutrient rich substrate, spoilage can occur after 3 to 5 days in
warm summer temperatures and 5 to 7 days in cold winter temperatures in the Midwest
US and these storage periods have been set as the shelf-life values for DWGS (Lehman &
Rosentrater, 2012). This is one of the primary reasons why DWGS is preferably utilized
in its dried form, DDGS. Shelf-life is defined as the amount of time during which a food
product will be certain to retain desired physical and microbiological characteristics
(IFST, 1993). Although shelf-life can be preserved when DWGS is dried to DDGS,
drying DWGS increases feed costs because of the enormous amounts of energy,
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primarily natural gas, that is used in drying. Also, drying DWGS using high-temperature
rotary drum dryers has been reported to affect the quality of DDGS (Kingsly et al., 2010).
Therefore, preservation of DWGS is important from the standpoint of reducing
production cost (feed cost) and reducing the amount of fossil fuels used in corn ethanol
production.
Deterioration in feed grains, such as DWG, is a result of fungal growth on the
stored substrate (Steele et al., 1966), which is slowed when the presence of oxygen has
been reduced. Lehman & Rosentrater (2012) determined that the aerobic stability of
DWG decreased with an increase in temperature, from >10 days at 12°C to 2 days at
32°C. There have been very few publications evaluating the microbiological changes in
freshly produced DWG (Lehman et al., 2012; Nofsinger et al., 1983; Nyendu, 2011). A
recent study conducted as part of this thesis by McClurkin and Ileleji quantified the
increase in fat acidity (FA), aflatoxin, fumonisin and zearalenone levels for DWGS stored
for seven days at both warm (20°C and 25°C) and cool (10°C) aerobic conditions.
Temperature was the primary driver for DWGS deterioration; DWGS deteriorated less at
10°C than at 20°C and 25°C, likewise there was less deterioration in 0% CDS than in
20% and 30% (McClurkin and Ileleji, 2015). Nevertheless, there has been increasing
production and interest in using DWGS by employing chemical preservation methods
such as mold inhibitors to prevent spoilage in storage (Rosentrater, 2006). There are two
main brands of mold inhibitors in use in the United States, ZeniPRO and Cake-Guard.
ZeniPRO (Kemin Industries, Inc., USA) is a blend of organic acids and antioxidants that
are applied to the DWG. The ZeniPro brand preservative has proven to help a Wisconsin
ethanol plant extend shelf-life of their distillers’ wet grains up to 14 to 28 days,
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depending on the application rate of the preservative (Gordon, 2004). Tests determined
that Cake-Guard, a product manufactured by Alltech, based in Lexington, Kentucky,
USA, allows for storage of DWG for longer than a week, thereby, making hauling long
distances more feasible (Nyendu, 2011). Although these chemical mold inhibitors have
been shown to preserve DWG, non-chemical alternatives, such as those investigated in
this study, ionization and modified atmosphere (CO2), would be advantageous.
Carbon dioxide has been used in modified atmospheric storage to suppress the
growth of microbiological species in food products (Pardo & Zufia, 2012). Carbon
dioxide concentrations above 14% can be detrimental to mold growth (Christensen et al.,
1974). Likewise, ionization or ozone (O3) has also been used as a method to deactivate
microbes and eliminate their growth in corn (McClurkin, 2009). Ozone, as well as other
reactive gas species, produced by plasmas is formed by discharging electrical energy into
a dielectric medium causing ionization, dissociation and energizing of the gas molecules
(Grabowski, 2007). McDonough et al. (2011) investigated how O3 reduced microbial
load and achieved a two-log reduction after treatment involving three passes with ozone.
Additionally, they achieved 100% insect pest mortality in a system, which applied ozone
on corn that was conveyed using a screw conveyor. Unlike the previous systems of ozone
application reported, Klockow and Keener (2009) used a localized O3 generation and
ionization system, also referred to as the high voltage atmospheric cold plasma
(HVACP), to reduce Escherichia coli O157:H7 populations on packaged spinach. Rather
than ozone being generated by plasma and the gas pumped to the treated product or target
area such as grain in the bin, in a conveyor, or railcar etc., the product is locally ionized
between two electrodes. The product is introduced to the HVACP system in a bag (in-
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package), which contains air or modified air such as a mixture of oxygen and carbon
dioxide at various ratios. Several species of gas molecules are created in the package
when the electrodes are charged; the most oxidative of these include ozone (O3), singlet
oxygen (O or O-), superoxide (O2-), peroxide (O2-2 or H2O2), and hydroxyl radicals (OH)
(Keener, 2010). Of these species, ozone has the longest half-life. Advantages of the
HVACP system are: (1) very high concentrations of ozone as well as other ionizing gases
are achieved at the target sight and no degradation of the ozone occurs during transport to
the target area, and (2) the treatment site is brought into a high electric field, however, the
effect of the electric field is not clearly understood. Therefore, in package ionization of
dry and wet grains, processed grains and packaged foods could be a novel approach to
sterilizing products in order to increase shelf-life stability, prevent growth of storage
molds and contamination from mycotoxins. Previous research has shown HVACP to be
effective in microbial inactivation (Deng et al. 2007; Joshi et al. 2011; Ziuzina et al.
2013; Han et al. 2014). Currently, there are no known studies which have investigated the
efficacy of using HVACP or ionization for increasing the shelf-life of grains, oilseeds and
processed grains, especially for product highly susceptible to spoilage such as wet
granular feed.
Limited research has been conducted on the shelf-life and storability of distillers
grains as a wet product. There have been studies that investigate microbial growth in
DWG, physical and chemical properties, and the correlation between microbial growth
and color of DWG (Lehman, et al. 2007, Rosentrater, et al. 2008). A review of the
literature and previous work by this author showed that colony forming units (CFU) and
pH can be used as indicators of deterioration of DWG in storage (Kalscheur et al., 2003;
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McClurkin and Ileleji, 2015; Nyendu, 2011) What still must be studied are the effects of
shelf-life improvement treatments such as HVACP on the physical and chemical
properties of the DWG. White et al. (2009) noted that ozone treatments did not cause
physical and chemical degradation of the grain tested.
Moisture content has also been used as a measure of product deterioration and
shelf-life. Lehman et al. (2012) noted that molding of DWG samples, which has a high
moisture content, high water activity and low pH levels were significantly affected by
both temperature and time. Chemical preservation methods with preventatives, such as
those previously listed have a pH of 5.0 and contain propionic acid, sodium benzoate,
water and potassium sorbate (Nyendu, 2011).
There are currently no standards set for estimating the shelf-life of distillers wet
grains. Lehman et al. (2013) monitored CO2 production and mold colonization to
determine the storage period for DWG. Harding (2012) noted that spoilage of grains is
classified as a process that causes food to be undesirable or unacceptable for human or
animal consumption. Factors such as, visible bacteria, molds, or yeasts growing on the
food and metabolizing it for their own energy mean the shelf-life of the product has been
met or expired. In this research, we use mold colonization (CFU/g) values from untreated
samples and industry standard shelf-life periods (the amount of time before mold growth
is visible, 3-4 days in warm summer conditions and 5-7 days in cooler winter conditions)
to determine and define the shelf-life of the treated distillers wet grains and evaluate the
extent to which shelf-life was increased by the treatments.
This research aimed to investigate the effect of using in-package HVACP alone,
CO2 as a modified atmosphere and the combination of in-package HVACP with CO2 to
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increase the shelf-life of DWG. We hypothesized that shelf-life of DWG can be increased
by eradicating any mold spores on the product using HVACP and then using CO2
modified atmosphere to suppress the growth of mold spores during storage.

4.3

Materials and Methods

A 50 gallon container of distillers wet grains (DWG) was obtained from a local
ethanol plant (New Energy Corp, South Bend, IN). For these test the product was
transferred to one 5 gallon bucket and stored in a freezer at -20°C until the time of the
experiment. Four different treatment conditions were applied to a 25 g sample of DWG
after which they were stored for various periods (7, 14, 21, and 28 days) at two different
storage temperatures (10°C and 25°C) in order to evaluate the effect of the treatments on
spoilage. The treatments applied were: 1) HVACP, 2) CO2 and 3) the combination of
HVACP and CO2, and 4) a control sample with no HVACP or the addition of CO2. All
treatments were performed at room temperature. Three replications per treatment and
storage condition were conducted. These temperatures were chosen based on previous
research by this author to evaluate the shelf-life of DWGS stored in cool and warm
temperatures (McClurkin and Ileleji, 2015).

4.3.1

In-Package Treatments

4.3.1.1 High Voltage Atmospheric Cold Plasma
The ionization treatments of samples were conducted using the high voltage
atmospheric cold plasma (HVACP) shown in figure 4.1 that was developed by Keener
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and Klockow (2010). In this technology, an atmospheric non-equilibrium plasma is
created inside the package by a voltage applied from the outside of the package.

High voltage electrode
High voltage
transformer

Indirect exposure
sample

Direct exposure
sample

Gap
Space

Ground electrode
Variable
Controller

Dielectric
barrier

Input voltage

Figure 4.1 Schematic diagram of a high voltage atmospheric cold plasma system. Note
that image is not to scale (adapted from Lu et al., 2013).

The system consists of a high voltage generator, which applies alternating current
potential to a pair of metallic plates. To conduct treatments of samples, about 25g of
DWG was placed in a weigh boat and the weigh boat was placed in a 30.5 cm × 28.0
cm Cryovac bag (Sealed Air, Duncan, SC). The Cryovac packages that were to be
ionized were filled with a modified gas blend consisting of 65% O2 /30% CO2 / 5% N2,
hereafter referred to as MA, and purged in order to ensure purity of the gas in the bag.
The Cryovac package was then filled with MA for 90 seconds to obtain a gas volume of
3.89 L. Flow was measured with a flow meter (Gilmont Instruments, Inc, Barrington, IL).
This volume provided a gap space of 4.6 cm between the electrodes of the HVACP
system, which preliminary tests showed was capable of reducing microbial load. Gap
space is the distance from the bottom to the top of the package when the sample is placed
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on the ionization system between the electrodes and barriers in the HVACP system
described in figure 4.1. Filled packages were placed between the electrodes of the
HVACP system for treatment at 70kV and the system was activated for 360 s for each
treatment. After ionization the bags were removed and one end was rolled up, taped and
placed in a Ziploc® bag, in preparation for the shelf-life tests. For shelf-life studies, the
bags were then placed in a temperature chamber and stored at either 10°C or 25°C for a
set period of time (7, 14, 21, and 28 days).
4.3.1.2 Combination CO2 and HVACP
DWG samples in packages for combination treatments were filled with 3.5 g of
dry ice and sealed, then filled with 1.95 L of MA, so that the total volume in the package
was still ~3.89 L. The methods and procedures for the Cryovac package from the
HVACP treatment were replicated here for the combination treatment. The package was
then placed on the HVACP system as in figure 4.1 and treated at 70kV for a treatment
time of 360 s. After ionization, the same procedures and methods from the ionization
treatment were replicated here for the combination treatment.
4.3.1.3 CO2 Modified Atmosphere
Packages of DWG used for CO2 suppression only were filled with 7 g of dry ice.
They were then sealed and placed inside Ziploc® bags in preparation for the shelf-life
test. As the dry ice came to room temperature, the package filled with the CO2 gas.
Package volume reached 3.89 L. Equation 4.1 shows the determination of the volume of
CO2 gas that filled by 7 g of dry ice in the package.
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0.159

0.159

0.0821
1

Equation 4.1
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After CO2 was incorporated, one end of the Cryovac bag was rolled up, taped and
placed in a Ziploc® bag, in preparation for shelf-life test. The bags were then placed in a
temperature chamber and stored at either 10°C or 25°C for a set period of time (7, 14,
21,and 28 days).
4.3.1.4 Control
Control samples of DWG in packages were filled with MA to obtain the 3.89 L
gas volume, and then sealed with no treatments applied. One end of the Cryovac bag was
rolled up, taped and placed in a Ziploc® bag in preparation for the shelf-life test. The bag
was then placed in a temperature chamber and stored at either 10°C or 25°C for a set
period of time (7, 14, 21, and 28 days).

4.3.2

Shelf-life measurements

DWG samples were obtained from a local ethanol plant in Indiana. The samples
received were immediately stored in a walk-in cold freezer at -20°C to prevent spoilage
and maintain sample integrity until storage tests could be conducted. In preparation for
testing, samples were placed in a walk in cooler at 4°C, for 24 hours, to allow them to
thaw.
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Experiments were conducted using a 4×2×5 full-factorial design, with four
treatment combinations (HVACP, CO2, combination of HVACP and CO2 and the
control), two storage temperatures (10°C and 25°C) and five storage periods (0, 7, 14, 21,
and 28 days), yielding a total of forty treatment combinations. Three replications of 25 g
of DWG were prepared for each treatment and storage test. These treatment combinations
were implemented using a completely randomized design. DWG samples were prepared
in three replications for the four treatments, thus yielding 4 × 2 × 5 = 40 experimental
runs × 3 replications = 120 test samples. As described above, after the four treatments
were conducted, the bags were removed and one end was rolled up and taped. The
package was then placed in a Ziploc® bag, sealed and stored at the aforementioned
storage conditions, 10°C and 25°C for 0, 7, 14, 21, and 28 days. Samples were placed in a
single layer, in a Percival Scientific Biological Incubator (Percival Scientific Inc., 136VL, Boone, Iowa).
Each sample condition before and after storage was determined using three
replicate measurements for each treatment combination. The properties tested were
moisture content, pH, microbial load and fungal populations. Initial moisture content of
the DWG samples were between 36% and 41% (w.b.). Ionization of products with high
moistures can result in the formation of peroxides, therefore, for storage tests, we
measured H2O2 levels with Quantofix® peroxides test sticks, measuring 1-100mg/L.
After the storage periods, the sample was removed from the incubator, and from the
exterior Ziploc® bag. The Cryovac bag was then cut open and the DWG sample in the
weigh boat was removed and set aside for the assessment of storage properties. To
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measure peroxide levels, a H2O2 strip was swabbed on the inside of the bag where
condensation had formed.

4.3.3

Assessment of shelf-life for treatments

To assess the shelf-life of DWG for the four treatments investigated, analysis for
pH, and microbial load before storage (day 0) and after 7, 14, 21 and 28 days of storage
were determined. Moisture content was calculated by the NFTA 2.2.2.5 method (Shreve
et al., 2006) where 2 g of the sample were placed in an air oven for 3 hours at 105°C. All
moistures were determined on a wet basis. Since DWG come from the processing plant
acidic and microorganisms grow best at more neutral pH levels, pH was monitored
throughout the tests. The pH was measured with a probe pH meter (pH Electrode LE427,
Mettler Toledo, Columbus, OH) used for solids. The microbial load was attained through
dilution plating followed by counting colony-forming units per gram of DWG (CFU/g).
To measure the change in microbial populations, 5 g samples were taken and placed in a
sterile stomacher bag filled with 45 mL of 0.1% peptone water. Samples were stomached
for 2 minutes and aliquots were removed from the bag and transferred to a sterile 2 mL
tube. The wash was then serially diluted and 10 μl of each dilution were plated onto plate
count agar (Sigma-Aldrich, St. Louis, MO) to obtain a count of microbial growth. After 3
days of incubation at 28°C, the total number of colonies present were counted to
determine CFU/g values.
4.3.4

Statistical Analysis

Statistical analysis was conducted using two-way ANOVA with heterogeneous
variances using SAS v9.1® (SAS Institute, Cary, NC, 2004). Classes analyzed were for
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the treatment including HVACP samples, HVACP and CO2 combination, CO2, and
control. Repeated measures analysis was applied to the result and the interactions
between these were analyzed for each effect, CFU/g (as the actual values) and pH, which
would indicate shelf-life preservation. Our null hypothesis was that treatments would
have no effect on the shelf-life and comparisons were determined to be significant at
P<0.05.

4.4

Results

The statistics for the effect of the modified gas (MA and CO2), HVACP, storage
temperature and time are shown in Table 4.1. HVACP distinguishes if the package was
treated with the HVACP system after it was filled with the package gas. Storage Temp
was 10 or 25°C and Time represents the days of storage (0, 7, 14, 21, and 28 days) after
treatments. Statistical analysis showed that treatment differences were significant when
evaluating both responses for the effect of gas and ionization using CFU/g (P<0.0003,
P<0.0247 respectively) and pH (P<0.0001, P<0.0001 respectively) (Table 4.1). From
Table 4.1 there is a significant storage temperature effect when looking at the changes in
moisture content (P<0.0001).
Table 4.2 – 4.4 shows the results for pH, moisture and CFU/g for the varying
conditions (storage temperature, treatment, and days of storage). Tukey analysis for pH,
moisture and microbial load was conducted to compare treatments for each of the 5
storage days (0, 7, 14, 21, and 28). The analysis was also used to compare the storage
days for a given treatment and temperature. From the statistical analysis (Table 4.2), there
was a significant effect for pH changes at day 21 and 28 for all of the treatments and
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storage temperatures. From the statistical analysis of moisture in Table 4.3, there was
significance for storage days. Table 4.4 looks at the changes in microbial load (CFU/g)
values over time, and Table 4.1 showed that there was significance for the package gas
used, HVACP treatment of the package as well as time of storage.
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Table 4.1 Statistical Analysis for treated DWG using two different gas compositions
stored for 0, 7, 14, 21 and 28 days at 2 different temperatures
Treatment

Moisture Content

pH

CFU/g

Effect

F Value

Pr > F

Gas
HVACP
Storage Temp
Ionized*Gas
StorageTemp*Gas
StorageTemp*Ionized
Time
Time*Gas
Time*Ionized
Time*StorageTemp
Gas
Ionized
Storage Temp
Ionized*Gas
StorageTemp*Gas
StorageTemp*Ionized
Time
Time*Gas
Time*Ionized
Time*StorageTemp
Gas
Ionized
Storage Temp
Ionized*Gas
StorageTemp*Gas
StorageTemp*Ionized
Time
Time*Gas
Time*Ionized
Time*StorageTemp

1.32
2.65
50.89
0.48
2.27
0.02
3.00
1.80
2.10
10.15
7.24
52.59
1.90
2.38
50.54
0.93
42.04
5.09
13.82
4.94
6.05
5.27
0.12
1.21
0.71
2.78
3.15
3.65
5.32
2.34

0.2707
0.1077
<.0001
0.4920
0.1106
0.8928
0.0240
0.0477
0.0896
<.0001
<.0001
<.0001
0.1720
0.1270
<.0001
0.3389
<.0001
<.0001
<.0001
0.0014
0.0003
0.0247
0.7295
0.2750
0.4952
0.0998
0.0193
<.0001
0.0008
0.0632

Table 4.2 pH values for treated samples and the control stored at 10°C and 25°C over 28 day period.
Temp
Treatment
Storage Days
0
7
14
21
28
a2
a2
b3
b4
10
HVACP
3.72±0.01
3.85±0.06
4.13±0.13
3.60±0.01
3.81±0.34b 5
25
HVACP
3.62±0.00a 2
3.75±0.13a 2
5.05±0.27b 2
5.83±0.19b 2
5.45±0.15b 3 4
10
CO2
4.31±0.07a 1
4.62±0.03a 1 2
4.86±0.02b 2
5.30±0.08b 2 3
4.73±0.18b 4 5
25
CO2
3.75±0.00b 2
4.26±0.13b 2
4.49±0.23b 2
7.84±0.60a 1
7.21±0.49a 1 2
10
Comb
4.32±0.12a 1
4.62±0.16a 1 2
4.81±0.13b 2
5.49±0.20b 2 3
5.88±0.53b 2 3 4
25
Comb
3.70±0.03b 2
4.38±0.81b 2
4.89±0.00b 2
5.26±0.10a 2 3
5.33±0.28a 3 4
10
Control
3.76±0.00a 1
4.56±0.17b 1 2
5.91±0.34b 1 2
6.31±1.05b 2 3
7.29±0.07b 2 3
a2
b1
b1
c3
25
Control
3.76±0.00
4.91±0.06
4.96±0.06
6.04±0.11
6.40±0.14d 1
a-d
Within temperature and treatment (comparing in column), the means for indicators (storage days) followed by different letters are
significantly different (P<0.05; Tukey).
1-5
Within the storage day (comparing between rows), the means for indicator (treatments) followed by different numbers are
significantly different (P<0.05; Tukey).
n = 3, three replicates per storage period per treatment.
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Table 4.3 Moisture content (%w.b.) values for treated samples and control stored at 10°C and 25°C over 28 day period.
Temp
Treatment
Storage Days
0
7
14
21
28
1
1
1
2
10
HVACP
59.80±4.19
59.80±0.89
49.12±6.28
56.65±4.10
54.92±8.341 2
25
HVACP
62.62±0.001
61.16±0.281 2
61.35±2.052 3
62.19±0.552 3 4 61.17±0.261 2
10
CO2
63.50±1.101
62.00±0.541 2
55.22±2.581 2
49.00±1.891
49.50±6.391
25
CO2
64.08±0.001
65.00±0.122
65.76±3.403
65.43±0.304
67.56±1.722
10
Comb
59.33±0.891
62.17±0.971 2
59.20±1.112 3
56.98±2.002
62.78±2.571 2
25
Comb
62.03±0.541
62.11±0.251 2
64.08±0.702 3
64.39±1.553 4
64.03±0.211 2
10
Control
62.88±0.001
60.92±0.891 2
56.58±0.711 2 3
57.74±0.512 3
58.40±0.791 2
25
Control
62.65±0.001
64.47±0.092
60.59±0.952 3
65.64±1.174
64.54±0.10 2
1-4
Within the storage day (comparing between rows), the means for indicator (treatments) followed by different numbers are
significantly different (P<0.05; Tukey).
n = 3, three replicates per storage period per treatment.
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Figure 4.2 Graphical representation microbial analysis (CFU/g) for treated and control samples stored at 25°C.
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Figure 4.3 Graphical representation microbial analysis (CFU/g) for treated and control samples stored at 25°C.
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Table 4.4 Microbial analysis (CFU/g) for treated samples stored at 10°C and 25°C.
Storage Days
10°C HVACP
25°C HVACP
10°C CO2
25°C CO2
10°C Comb
25°C Comb
10°C Control
25°C Control

0
5.25E+01 (1.44E+01) a 3
9.00E+01 (2.31E+01) b 3
1.63E+04 (1.77E+03) b 2
9.19E+02 (9.00E+02) a 3
6.2E+02 (4.24E+01) d 3
2.51E+02 (9.52E+01) b 3
9.00E+03 (0.00E+00) a 1
9.00E+03 (0.00E+00) a 3

7
8.63E+01 (5.31E+01) a 2
5.00E+01 (2.45E+01) b 2
2.70E+04 (2.83E+03) b 2
2.98E+04 (4.50E+03) a 2
3.80E+03 (4.95E+02) c 2
1.41E+02 (9.58E+01) b 2
6.23E+04 (2.17E+04) a 1
8.45E+04 (2.44E+04) a 1 2

14
1.89E+06 (6.35E+05) a 2
3.77E+06 (1.27E+06) a 1
2.58E+04 (2.47E+03) a b 2
6.08E+04 (8.41E+03) a 2
4.45E+03 (4.95E+02) b c 2
6.50E+04 (1.37E+04) b 2
8.90E+04 (6.45E+04) a 2
9.60E+04 (1.37E+04) a 2

21
3.80E+04 (9.25E+02) a 1
7.60E+04 (1.83E+03) b 1
3.35E+04 (0.00E+00) a b 1
1.99E+06 (1.28E+06) a 1
6.33E+03 (4.60E+02) a b 1
2.18E+04 (1.75E+04) b 1
2.76E+05 (2.47E+05) a 1
5.63E+05 (1.46E+05) a 1

28
7.60E+05 (2.35E+05) a 2
1.51E+06 (4.60E+05) a b 1
4.68E+04 (7.42E+03) a 2
1.01E+06 (5.17E+05) a 2
7.23E+03 (7.42E+02) a 2
3.78E+05 (2.15E+05) a 2
1.65E+06 (1.07E+06) a 1
5.93E+06 (8.50E+05) a 2

a-d

Within the temperature and treatment (comparing in column) the means for indicators (storage days) followed by different letters
are significantly different (P<0.05; Tukey).
1-4
Within the storage day (comparing between rows), the means for indicator (treatments) followed by different numbers are
significantly different (P<0.05; Tukey).
*The unit for the numbers in the table is CFU/g; these are followed by the standard deviation in parenthesis.
n = 3, three replicates per storage period per treatment.
Table 4.5 H2O2 for Treated Samples stored at 10°C & 25°C

Storage Days
10°C HVACP
25°C HVACP
10°C Comb
25°C Comb

H2O2 Strip (100 mg/l H2O2)
0
7
14
21
100
65
100
30
100
100
30
55
100
65
10
6.5
100
100
65
30

28
20
5.5
2
1

*Values are the average of results from two test strips, each strip measures 0, 1, 3, 10, 30, or 100 mg/l (H2O2)
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4.4.1

Ionization Treatment: HVACP

Table 4.2 shows the pH values for the three different treatments and the control at
10°C and 25°C. The control samples stored at 10°C had a lower pH than the control
samples stored at 25°C after 28 days of storage. Also, the pH of the control samples after
28 days of storage at both 10°C and 25°C were higher than samples treated with HVACP.
For the ionized (HVACP) samples, the pH increase (3.62 to 5.45) after 28 of days of
storage at 25°C was more than for samples stored at 10°C (3.72 to 3.81).
Due to the high initial moisture content of DWG it was important to monitor the
peroxide (H2O2) levels. Peroxides are created during the HVACP process when there is
water present in the package. The water produces OH radicals, which also have strong
bactericidal effects (Tanino et al., 2007). It is therefore important to monitor the peroxide
levels in high moisture products. Table 4.5 gives the peroxide levels from residual water
droplets inside the package at the time of testing. Over the course of the 28 day storage
period the peroxide levels go down, however, it is important to note that they are still
present in the package. This shows us that as long as there is still moisture in the sample
there is the expectation that peroxides are present and active.
Concerning moisture of the sample post treatment, there is a large decrease for
HVACP treated samples at 10°C on day 14 (Table 4.3), accompanied by an increase in
pH and a large increase in microbial load (CFU/g). These changes are as to be expected
for a higher microbial load value, therefore no conclusions can be drawn from the
comparison to understand the increase in microbial load at day 14 for 10°C HVACP
treated samples. In comparing these results to that in Table 4.4, it can be concluded that
there is some interaction occurring at this time point. Only the pH results at this lower
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temperature are significant, the result at 25°C is significant at that day for this treatment.
Likewise, the pH values are significant for these treatments at both temperatures for 14,
21 and 28 days of storage.
Figure 4.2 and 4.3 are a graphical representation of the data presented in Table 4.4
and are separated according to storage temperature (10°C and 25°C respectively). It is
most notable that the microbial load value for 25°C on day 14 is an outlier, and does not
follow the anticipated trend for the HVACP treatment. Table 4.6 shows the log reduction
of CFU/g counts for 0, 7, 14, 21, and 28 days of storage for samples with different
treatment conditions. The log reduction represents the difference between the treated
sample and the control sample for each of those days.
Equation 4.2
Where Ac represents the control microbial load value (CFU/g) and BT represents the
treated microbial load value (CFU/g). Likewise, the percent reduction is calculated using
Equation 4.3, where P is the percent reduction and L is the log reduction.
1

10

100

Equation 4.3

In general, there was a higher microbial load reduction for ionized (HVACP) samples
stored at 25°C after 28 days storage post-treatment than at 10°C (Table 4.6). At day 14
there is a negative log reduction for the HVACP treatments, this means that the CFU/g
value for the untreated sample is lower than that of the treated sample. There is
significance for this treatment at 25°C on day 14, compared to the other treatment days,
as we noticed in Table 4.4. It is possible that there is some effect occurring at day 14 such
as an increase in growth from spores not destroyed during the HVACP treatment,
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however, in this work the large increase in microbial load at this day will be considered
an anomaly.
Table 4.6 Log Reduction of microbial load (CFU/g) values for days 0, 7, 14, 21 and 28
*negative values indicate an increase, showing that CFU/g values were higher for the
Temp Treatment Log Reduction of microbial load (log10CFU/g)
Storage Days
0
7
14
21
10
HVACP
2.23
2.86
‐1.33
0.86
25
HVACP
2.00
3.23
‐1.59
0.87
10
CO2
‐0.26
0.36
0.54
0.92
25
CO2
0.99
0.45
0.20
‐0.55
10
Comb
1.16
1.21
1.30
1.64
25
Comb
1.55
2.78
0.17
1.41
treatment than the control values.
n = 3, three replicates per storage period per treatment

28
0.34
0.59
1.55
0.77
2.36
1.20

From Table 4.6 for HVACP treated samples, the treatment had the largest log reduction,
however its efficacy depleted faster than the other treatments after 14 days of storage.
Based on the general changes in the log reduction over time there are certain trends that
stand out. Figure 4.4 isolates the log reduction values for each treatment at day 0 and at
day 28. From the data, the HVACP treated samples trend down for the log reduction.
This is understandable as over time the reactive gas species (RGS) produced during the
treatment will break down and go back to their original gas composition. For CO2
modified atmosphere and the combination treatments at the lower temperature there is a
trend for the log reduction to increase over time, almost with the same slope.
Comparatively the log reduction for the CO2 and combination treatments at the higher
temperature decrease over time, at the similar rates. Although we see this decrease for the
higher temperatures, the slope of the decrease is much smaller than that of the HVACP
treatments. Understanding that the RGS produced during ionization go back to their
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original state over time, we can better understand why the samples with the CO2
treatments increased in log reduction or held a lower slope of reduction than that of just
HVACP. The combination treatment package gas was higher in CO2 concentration and
therefore was able to suppress additional mold growth over time.
2.5

Log Reduction (log10CFU/g)

2

10 HVACP

1.5

25 HVACP
10 CO2
25 CO2

1

10 Comb
25 Comb
0.5

0
0

28
Storage Time (Days)

Figure 4.4 Graph of log reduction of treated samples on day 0 and day 28.

All of the treated samples showed that the treatments suppressed microbial
growth and thus increased shelf-life post-treatment after 21 days. However, microbial
growth slowly increased with storage time for all the treatments, but the increase was
more for HVACP than the Comb or CO2 treatments. For samples treated with HVACP
and stored at 10°C the log reduction was 2.23 log (99.4% reduction) after initial
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ionization on day 0 changing to 0.34 log (54.3% reduction) at day 28. For the samples
stored at 25°C there is a 2.00 log (99.0% reduction) reduction after initial ionization on
day 0 reaching a 0.59 log (74.3%) reduction at day 28. At 10°C as well as 25°C,
microbial load (CFU/g) values for the HVACP treatment on day 21 remained below
those of the control at 7 days: the general shelf-life expected for untreated DWG (Table
4.4). For the 7 days of storage after treatment the HVACP method had the highest log
reduction of all treatments and storage days at both temperatures.
4.4.2

CO2 Treatment: CO2

For samples stored in modified atmosphere with CO2, samples stored at the higher
temperature (25°C) had a higher pH at 21 and 28 days than those stored at the lower
temperature 10°C. For the first 14 days, the control samples had higher pH than the CO2
treated samples at 25°C. For these samples stored at 25°C, we note a spike at day 21 in
CFU/g counts (Figure 4.3). Table 4.6 shows a negative reduction, meaning the treated
sample had a higher microbial load than the control.
At 10°C, the moisture decreased at a greater rate than the other treatments for CO2
treated samples after 14 days of storage (Table 4.3). At 25°C, the moisture increased for
CO2 treated samples after 28 days of storage (Table 4.3). The microbial log reduction for
samples stored with CO2 increased over the storage period at 10°C (Table 4.4). The
samples stored at 25°C had a range of -0.55 log (71.8% increase in microbial growth) to
0.99 log (89.8%) over the course of 28 days (Table 4.6). The results show that CO2
sufficiently suppressed the growth of microbes, even after 28 days, allowing for
preservation at 10°C. At 10°C, microbial load (CFU/g) values for the CO2 treatment on
day 28 remain below those of the control at 7 days, likewise, at 25°C, CFU/g values on
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day 14 remain below those of the control at 7 days: the general shelf-life expected for
untreated DWG (Table 4.4).
The use of CO2 as a modified atmosphere to suppress microbiological growth in
packaged grains has great potential. CO2 limits the availability of oxygen where
microbiological species are growing. An oxygen-depleted environment, with high levels
of CO2 can result in reduced growth of these common stored grain molds. This can occur
when the product is placed in a sealed hermetic package. CO2 concentration above 14%
is detrimental to mold growth (Nofsinger et al., 1983), however for some mold species,
growth can occur at an oxygen concentration of about 0.2%.

4.4.3

Combination Treatment: HVACP and CO2 combination

The package gas for the combination treatments was 65% CO2/32.5%O2/2.5%N2.
The higher CO2 concentration was due to the addition of dry ice in the package. CO2 was
incorporated before HVACP treatment and had almost completely dissipated by the end
of the 360 seconds of treatment. For samples that were treated with both CO2 and
HVACP, the pH increased as the number of storage days increased (Table 4.2). HVACP
and CO2 treatments appear to keep the pH levels below 5.88, at 10°C (Table 4.2). Also,
samples with the combined treatment had the lowest pH at 25°C after 28 days of storage.
What is important to note, for these tests, is that the moisture changed only by 2% for
25°C and 3.45% for 10°C (Table 4.3), staying relatively close to the original moisture
content. For samples stored at 10 and 25°C after 28 days of storage the combination
treatment (HVACP and CO2) had the greatest log reduction for their respective
temperatures (2.36 and 1.20, 99.6% and 93.7% respectively).
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At 10°C, microbial load (CFU/g) values for the combination treatment on day 28
remain below those of the control at 7 days, likewise, at 25°C, CFU/g values on day 21
remain below those of the control at 7 days: the general shelf-life expected for untreated
DWG (Table 4.4). From Table 4.6, there was a 1.16 and 1.55 log (93.1% and 97.2%
respectively) reduction in microbial growth for day 0 at 10°C and 25°C respectively. For
combination treatment samples stored at 25°C, we see a 1.20 log reduction (93.7%), after
28 days, this was the highest reduction at this temperature for all treatments. For all
treatments at 28 days the combination treatment has the largest log reduction for 10°C
(2.36 log, 99.6% decrease) and 25°C (1.20 log, 93.7% decrease) as noted in Table 4.6.
This shows that the combination treatment remains the best treatment for reducing
microbial load after 28 days. If one was to use the 7 day values of the control samples,
from Table 4.4, as indicators of shelf-life spoilage for DWG then the HVACP treatment
extends shelf life past 28 days for DWG stored at 10°C, and extends shelf life to 21 days
for DWG stored at 25°C.
Overall, for HVACP treated samples moisture decreased by 4.88%, pH increase
by 0.11, CFU/g increased 4 log (Table 4.4) for treated samples stored at 10°C, and
moisture decreased by 1.45%, pH increased by 1.83, CFU/g increased 5 log for treated
samples stored at 25°C after 28 days of storage. For CO2 treated samples, moisture
decreased by 14%, pH increased by 0.42, CFU/g increased < 1 log for treated samples
stored at 10°C and moisture increased by 3.48%, pH increased by 3.46, CFU/g increased
4 log for treated samples stored at 25°C after 28 days of storage. For Combination
treatment moisture increased by 3.45%, pH increased by 1.56, CFU/g increased one log
for treated samples stored at 10°C and moisture increased by 2%, pH increased by 1.63,
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CFU/g increased 3 log at 25°C after 28 days of storage. For the control, moisture
decreased by 4.5%, pH increased by 3.53, CFU/g increased 3 log at 10°C and moisture
increased by 2.1%, pH increased by 2.64, CFU/g increased 3 log at 25°C after 28 days of
storage.

4.5

Discussion

The objectives of this study were to examine the effect of three types of
treatments, HVACP, CO2, HVACP and CO2 combined in comparison with a control (no
treatment) on DWG shelf-life from 0 to 28 days of storage in 7 day intervals as measured
by mold growth on stored samples after treatments (post-treatment). To date there is no
literature on the treatment of DWG with ionization systems such as the HVACP used
here. The generation of plasma inside a sealed package such as HVACP has proven
potential beyond that of the singular production of ozone that is pumped with air into the
treatment zone. The potential for utilization of HVACP extends beyond packaged food
applications to industrial facilities, medical equipment, biofilms and beyond. Plasma
consists of ions, electrons, neutral species, and UV-visible light. Gordillo-Vazquez
(2008) used a chemical model to determine that air plasmas can produce more than 75
ionizing species and 500 chemical reactions. Research into inactivation of E. coli,
Salmonella sp, and Listeria m. (Ziuzina et al, 2013) have shown successful results in
reduction.
Mold growth was expressed as CFU/g and pH change from acidic to basic was
also measured as an indicator of mold growth on the stored samples. Changes in
properties of the fungal species can be influenced by environmental factors as well as
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sample conditions, similar to that noted by Beuchat, et al. (1999). We know that an
increase in pH over time, from an acidic value indicates spoilage, or microbial
proliferation, as the microbial species creates an environment more suitable for its growth
(Kung, 2010). In this study, the control samples reached a pH of 7.84 after 21 days, an
increase of 4.09, indicating spoilage is likely to have occurred (Rosentrater and Lehman
2010, Kung 2010). Vylkova et al. (2011) found that pH of C. albicans can increase from
4 to >7 within 12 hours. Prusky et al. 2003 noted that fungi can increase or decrease
adjusting its surrounding pH in order to create an environment more suitable for its
growth. We noted in Table 4.2 a reduction in pH, however at 10oC there are
microorganisms that are acidifiers (i.e. Aspergillus spp., Lactobacillus spp. and
Penicillium spp.), which could be found in the sample after 28 days. Likewise at 25oC,
the increase in pH could be attributed to the waste products from these bacteria.
Therefore, we think that temperature induced mold growth influenced the difference for
the changes in pH. Over time as the spoilage species proliferate they adjust the pH in the
substrate creating conditions conducive to their survival and continued growth (Jay,
2005). All results from this work showed increase in pH correlates to microbial load. In
this work microbial load values were determined by numerating the total colony forming
units of all microbial species.
For HVACP treated samples after 7 days of storage, only a slight increase in pH
was noted at both 10°C and 25°C. Also, pH at the higher storage temperature (25°C)
increased more over time than at the lower temperature (10°C) because the 25°C supports
mold growth more than 10°C. The pH of the control sample increased over time and this
corroborates with the work by Christensen et al. (2010) and Yelden et al. (2011). From
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our results, at higher temperatures, where greater mold growth is expected, we found
HVACP and combination treatments maintained the lowest pH over the storage period.
This is to be expected as HVACP has been shown to eliminate microbial species in grains
(McClurkin, 2009).
Moisture content for combination treatment samples followed trends similar to the
other treatments. At 21 days of storage there was a decrease in moisture, for these
samples stored 10°C. However, after 28 days of storage we found that the moisture from
combination treated samples stored at 10°C was greater than the control and near that of
the samples stored at 25°C. Aside from this change, the moisture at the given
temperatures tend to stay in the range of each other, most notably for samples stored at
25°C. In general the moisture content values at the lower temperature decrease over time,
yet at the higher temperatures there is a slight increase. This could be explained, in part,
by the higher microbial load on the samples at the higher temperatures. Christensen et al.
(1969) found that during storage microorganisms such as Aspergillus can increase the
moisture content of grain.
The three treatments used were expected to eliminate and/or suppress
microbiological growth on DWG. HVACP treatments were performed in order to
eliminate microbial growth and CO2 treatments were to suppress the growth of any
microbes that were not eliminated during HVACP treatments. Since spores are the most
resistant of the life stages, it is likely that all mold spores were not destroyed during
treatment and therefore grew during storage (Iseki et al., 2010). Thus, HVACP and CO2
combination treatments were expected to suppress growth of mold spores that were not
destroyed from HVACP alone. Table 4.6 shows us by how much the treatment reduced
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the microbial load on the sample by comparing it to the microbial load of the untreated
sample at that time. Understanding the results in Table 4.6 on the log reduction of the
microbial load of the treatments compared with the control will give insight into how
well the treatments worked at eliminating microbial growth. At day 0 the HVACP
treatments have the greatest log reduction, above that of the combination treatments. This
is understandable as there were a larger number of various reactive gas species (RGS)
produced in the MA packaged gas used for these treatments. The combination treatments
had higher CO2 levels than those with the MA and therefore may not have created as
many RGS, particularly oxygen radicals, which are known for their sporicidal effects.
Comparatively, over the storage time, treatments, which included CO2 showed greater log
reductions. Over time the RGS species produced return back to their initial package gas
state, this means that the effect on the combination treatments could be a result of
residual H2O2 and suppression by the high CO2 concentrations. The highest reduction for
both storage temperatures, after 28 days, was for the combination (HVACP and CO2)
treatments. Even though microbial growth continued for all treatment conditions (CO2,
HVACP, and Combination [HVACP and CO2]), growth was suppressed over time
compared to untreated samples. This corroborates studies by Fredrickson and
Stephanopoulos (1981) and Iseki et al. (2010) for microbial competition and plasma
inactivation, respectively. Also, microbial load correlated with both pH and moisture. For
ionized samples stored at 10°C, the moisture decreased by 4.88 percentage points after 14
days of storage, and the pH for the samples increased from 3.72 at day 0 to 4.13 after 14
days of storage.
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The microbial load for the control samples increased over time, as to be expected
and similar to those results found in Table 3.3 from the previous chapter. Microbial load
immediately after treatment at 10°C was highest for CO2 treated samples (Table 4.4).
These samples were not treated with HVACP and were about one log higher than the
ionized samples for initial testing (after 0 days of storage). However, CO2 was able to
suppress mold growth after 28 days storage at 10oC given that there was still a 1.55 log
reduction after 28 days of storage. McClurkin et al. (2013) reported that ionized species
(O3) hold longer at lower temperatures and thus storage at 10°C could have also
contributed in making the HVACP and combination treatment more effective. Note that
percentage increase for the negative values were calculated using Equation 4.3, the same
equation used to calculate the percentage reduction for microbial load after treatment
from the untreated control sample. From Table 4.6 there are negative log reductions; this
meant there was a higher microbial load for the treated sample than the control sample.
This may have adjusted the pH values and explain why the sample is still adjusting the
week after (day 21), particularly for the HVACP treatments. The samples with the
combination treatment stored at both 10°C and 25°C had the lowest microbial load (Table
4.4) and was able to maintain a consistent log reduction over time (Table 4.6) when
compared to the other treatments.
Although HVACP treatments with the MA maximize ozone species produced,
there are many other species that are created in HVACP treatment (Keener et al., 2010).
These species can contribute to the bactericidal changes on the product; and effects also
come from peroxides and nitrides that are produced. The science is currently not
developed to identify the concentration of other species produced, due to the complexity
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of HVACP (Keener et al., 2010). All of the treatments tested are effective because the
gas solubilizes onto the surface of the materials being treated. Our interests are on what
penetrates into the product for the bactericidal effect and what factors affect treatment
efficacy. Further research into these questions need to be addressed.

4.6

Conclusion

The overarching goal of this objective was to evaluate the effect of two treatments
and their combinations (HVACP, CO2, HVACP and CO2) in increasing the shelf-life of
DWG. Storage shelf-life tests were conducted to evaluate the efficacy of the three
treatments, 1) HVACP, 2) CO2 and 3) the combination of HVACP and CO2. It was
determined that treatments of HVACP and the combination of both HVACP and CO2
increased the shelf-life 3-4 fold in both warm (25°C) and cool (10°C) conditions based on
CFU/g of fungal counts on stored treated samples from 0 to 28 days at 7 day intervals.
Treatments of CO2 increased shelf-life 4 fold at 10°C and 2 fold at 25°C. All the
treatments were influenced by post-treatment environmental factors in storage, primarily
temperature, which is a major driver of mold growth. All the treatment at 10°C proved to
be effective treatments having the largest log reduction in CFU/g in comparison with the
control untreated samples. For samples stored at 25°C the combination of HVACP and
CO2 yielded the largest log reduction as well as the lowest microbial load (Table 3),
followed by CO2 suppression only and then HVACP. Because HVACP had the highest
log reduction immediately after treatments (day 0) compared to the combination
treatment (HVACP and CO2), but failed to maintain efficacy over the storage time
compared to the combination, the importance of maintaining treatment efficacy using
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CO2 to suppress mold growth was elucidated. It appears that treating samples with
HVACP using MA gas alone and then injecting CO2 gas post-treatment would achieve a
better efficacy than the combination process of treating samples with HVACP in MA and
CO2 gases combined.
The next chapter and objectives investigates the microbiological and quality
(chemical composition changes) impact of HVACP treatments on DWG. While the
primary species of HVACP treatment in MA, which reduces microbial loads on
biological substrates is ozone (O3), HVACP treatment also produces other gas species
(many which are not measured) from the MA gas, and therefore would be quite different
from ozone gas treatments. Additionally, the effect of the electric field of the HVACP
system and how it works on fungal species is was outside the scope of this study. Overall,
the combination of HVACP technology and CO2 suppression proves to increase shelf-life
of DWG, and warrants further investigation as a method for food and feed preservation.
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CHAPTER 5. IDENTIFICATION AND EVALUATION OF CRITICAL TREATMENT
PARAMETERS USING HIGH VOLTAGE ATMOSPHERIC COLD PLASMA
(HVACP) FOR INCREASE IN SHELF-LIFE OF DISTILLERS WET GRAINS

In this chapter, the critical parameters that lead to effective suppression and
elimination of microbiological growth in DWGs are presented. The results have been
presented at conferences as listed below and will be submitted for publication to the
American Society of Agricultural and Biological Engineering Annual Meeting
proceedings:
McClurkin, J.D., K.E. Ileleji and K.M. Keener. 2015. Evaluation of Critical Parameters
for High Voltage Atmospheric Cold Plasma Treatment of Distillers Wet Grains. ASAE
Paper No. 2181672. St. Joseph, Mich.: ASAE. Annual International Meeting July 26-29,
New Orleans, Louisiana, USA.

Abstract
The High Voltage Atmospheric Cold Plasma (HVACP) Generation System has
been used to reduce microbiological contaminants from packaged food products. To date,
few studies have reported the efficacy of plasma treatment for microbial control inside a
sealed package. Applying this process to a package allows for the generation and
interaction of reactive ionization species, such as oxygen radicals, (O, O3, Ox, etc.) with
the packaged product in a sanitized enclosed space. As we explore the use of HVACP on
stored grain commodities such as Distillers Wet Grains (DWG), its application for inpackage treatment and the parameters behind the microbial inactivation and bactericidal
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effects of the system need to be evaluated. The previous chapter (Objective 2)
investigated three treatments, HVACP, CO2, HVACP and CO2, and found that HVACP
alone and its combination with CO2 (HVACP and CO2 comb.) were effective in
increasing the shelf-life of DWG as measured by CFU/g log reduction.
In this chapter, we investigated the parameters that affect the efficacy of the
HVACP system, as well as their subsequent effect on shelf-life of DWG. The objective of
this study was to characterize critical parameters that affect treatment efficacy for
applying HVACP to DWG. The log reduction of stored grain microbes was modeled as a
function of various parameters. From there, we analyzed treatment parameters and the
ability of ionization species to penetrate through the grain mass (depth efficacy). To
conduct treatments, 250g of DWG were placed in a plastic container, which was
sectioned off with depths of 1, 1.5 and 2 cm to create three layers within the grain mass.
The container was placed in a 30.5 cm × 28.0 cm bag, filled with a working gas (MA)
mixture of 65% O2 + 30% CO2 + 5% N2, then placed between the electrodes of the
HVACP system for treatment at 70kV, for 360s. Three replications of the treated DWG
samples were stored at 25°C and shelf-life studies were performed at day 0, 14 and 28.
Microbiological analysis, chemical composition and amino acid profiles, moisture and
pH were analyzed for each batch and its subsequent three layers. The results confirmed
previous research on the inactivation of microbial species on DWG from HVACP
treatments over an extended shelf-life of 28 days. We also evaluated the difference in
chemical composition and amino acid profiles for samples, which had been treated with
HVACP compared to those that had not to determine the effect of HVACP treatments on
quality changes in DWG. Grain depth and treatment time proved to be critical parameters
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to adjust when utilizing the HVACP system for sterilization of in-package commodities
such as DWG. This research will be valuable for the scale-up of the HVACP generation
system at ethanol production facilities DWG production line or other biofeedstocks such
as grain, allowing for optimized process parameters specific to microbial inactivation.

5.1

Evaluation of critical parameters for high voltage atmospheric cold plasma
treatment of distillers wet grains.
5.1.1

Problem Statement and Objectives

The use of HVACP on DWG can lead to extended shelf-life, improved
microbiological safety of the product and, therefore, a reduction in storage losses as
presented in Chapter 4 of this thesis. From objective 2, in Chapter 4, HVACP treatments
and the HVACP treatments in combination with CO2 as a modified atmosphere, proved
to eliminate and suppress microbiological growth. In this objective, we investigated the
parameters that could affect the efficacy of using the HVACP system for the inactivation
of fungal species in DWG, as well as their subsequent effect on its shelf-life. These
parameters include, but are not limited to; treatment time, amount of sample treated, gas
and package volume, grain depth, and changes in microbiological species. Additionally,
the effect of DWG quality changes based on chemical composition and amino acid
profile changes were investigated. The objective of this study was to characterize critical
parameters for applying HVACP to DWG in order to achieve up to three-fold increases in
shelf-life. The log reduction of common stored grain microbes was modeled as a function
of the amount of sample, analysis delay time, volume of storage package and treatment
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time. The treatment parameters and the ability of ionization species created by the
HVACP system to penetrate through the depth of the grain mass were also analyzed.
Reactive gas species (RGS) created during the HVACP process attack various
targets allowing for microbiological inactivation. Air plasma has the ability to create over
75 unique chemical species and 500 chemical reactions (Gordillo-Vazquez, 2008).
Superoxide (O2-), hydrogen peroxide (H2O2), hydroxyl radical (-OH), and singlet oxygen
(O2) are four major reactive oxygen species (ROS) that are created during plasma
generation, which account for major inactivation (Vatansver et al., 2013). The increase in
oxygen of the initial gas concentrations can lead to the increased production of such
oxygen radicals, including but not limited to O3, as previously discussed.
The gas blend used for this research was a modified gas blend of 65% O2 /30%
CO2 / 5% N2, hereafter referred to as modified atmosphere (MA). This was compared to
the composition of air used in the lab which is basically 78% N2/ 21%O2 / 1% CO2. The
increase in O2 and CO2 for the MA create increased opportunities for the production of
ROS. Han et al. (2014) showed that the gas mixture (65% O2 + 30% CO2 + 5% N2) had
the greatest reduction of E. coli ATCC in direct plasma exposure when compared to air
and a higher N2 package gas, and therefore we would anticipate similar results.
Several experimental parameters were demonstrated to be involved in the
bactericidal efficiency of plasma such as the gap between the electrodes (Yun et al. 2010;
Miao and Yun 2011), gas composition (Lee et al. 2011; Kim et al. 2011; Du et al. 2012),
supply voltage (Yun et al. 2010), treatment time (Miao and Yun 2011), type of bacteria
and initial bacterial population (Montie et al. 2000; Yu et al. 2006). The interaction of
these parameters on the shelf-life of DWG is visualized in Figure 5.1. As explained by
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Ziuzina et al. (2013), the mechanisms of bacterial inactivation using atmospheric cold
plasmas (ACP) have been proposed throughout literature (Gallagher et al. 2007; Cooper
et al. 2010; Korachi et al. 2010). Plasma-generated free radicals can also be adsorbed on
the surface of bacteria forming volatile compounds such as CO2, which are then
eliminated from the cells (Ziuzina et al., 2013). Free radicals diffusing through the cell
membrane may damage proteins and nucleic acids (Fernandez and Thompson 2012).
HVACP
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Figure 5.1 Critical parameters for the HVACP system and product quality characteristics,
which affect the shelf-life of distillers wet grains.

Few studies have been completed that discuss the efficacy of plasma treatment for
microbiological control inside of a sealed package. It is therefore imperative that we
evaluate the conditions that would reduce this efficacy for sealed package HVACP
treatments. When considering if there was a sufficient mold reduction, the following
questions should be asked: (1) Was the treatment time long enough?, (2) Was the
HVACP voltage (kV) at a level sufficient to produce enough ionization species to react
with the product to reduce microbial load?, (3) Was the amount of product too large for
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the ionization species to penetrate through the product? and (4) Was the initial microbial
load in such an abundance that the treatment was unable to complete degradation?

5.2

Background

High Voltage Atmospheric Cold Plasma (HVACP) is a novel approach to
sterilization of products. Plasma is a quasi-neutral ionized gas that is primarily composed
of photons, ions, free electrons and atoms in their fundamental or excited states with a net
neutral charge. The HVACP Generation System has been used to reduce microbiological
contaminants from packaged food products. Plasmas are created when gas passing
between two electrodes is ionized. Dielectric barrier discharge (DBD) is the method used
for plasma generation, along with the gas containment capabilities of the sealed package
to create a local plasma field inside the package. HVACP have the ability to generate
unique profiles of bactericidal species in common gases such as air, including radicals,
positive and negative ions, and quanta of electromagnetic radiation.
HVACP is being used for decontamination of various species contained inside
sealed packages inflated with a gas in which the plasma is then generated. Applying this
process to a package allows for the generation of reactive gas species, such as oxygen
radicals, (O, O3, Ox, etc.) to be created and interact with the packaged product. In
Objective 2, DWG samples had three different treatment parameters applied (1) HVACP,
2) CO2 and 3) the combination of HVACP and CO2) and were then stored at different
temperatures. It was concluded that the combination treatment of HVACP and CO2
worked best to increase the shelf-life three fold. In this chapter, the third objective was to
identify and evaluate the critical parameters for increasing the shelf-life of DWG based
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on results from Objective 2. We hypothesized that HVACP species might not be
penetrating through the depth of the product and sterilization is occurring mainly on the
exposed surfaces. As we explore the use of cold plasmas on stored grain commodities
such as DWG, its application for in-package treatment is likewise evaluated. Critical
parameters affecting the efficacy of microbial decontamination using HVACP Systems
include voltage levels, treatment time, gas composition, depth of product, and product
surface exposure to the field and ionize gas species.
The advantages of this system are low operational costs, reduced treatment times
at lower temperatures, nontoxic in nature, application for a wide variety of goods, and
increase in the amount of time the product remains safe (shelf-life) (Ziuzina et al., 2013;
Misra et al., 2013). A system similar to that of Klockow & Keener (2009) was used in
this research, and was used to obtain high ozone concentrations. Connolly et al. (2012)
created non-thermal atmospheric plasma inside a plastic package, by sending high
voltage to two parallel-plate electrodes, surrounding a zip-locked plastic package filled
with a helium/air mixture and placed between the electrode gap. They measured currentvoltage, charge-voltage, gap distance and dielectric barrier discharge intensity by
emission spectra (Connolly et al., 2012). This system produces reactive oxygen and
nitrogen species, along with other radicals that have a role in the antimicrobial effects.
The effects from O3 are one of the most researched of these ionizing species and oxygen
radicals are thought to be the dominant vector of inactivation (Connolly et al., 2012).
These reactive gas species decay back to their original state (air, modified atmosphere)
after hours post-treatment.
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To date, there have been limited studies on the effects of either ozone or HVACP
treatments on distillers grains. Both of these treatments are known for their oxidizing
effects on matter. It is understood that both HVACP treatments and O3 react with
microorganisms quickly by degrading them, which is done by attacking the lipid double
bonds in the cell membrane causing the change in the cell permeability and forcing lyses
(Smith et al., 2000). These types of treatments break up the bonds on the surface of the
mold and prohibit the mold from continuing to grow. Roy et al. (1981) stated that the
mechanism of inactivation of enteroviruses is by physical disruption of polypeptide
chains in the viral protein coat and/or by reaction with the nucleic acid or both so as to
affect attachment of intracellular steps on viral replication. Purdue University (Keener
lab) has developed a HVACP system that can obtain voltage levels up to 130kV.
Although ozone, and other reactive oxygen species are produced in the HVACP
system, it should be noted that the reactions which reduce the microbiological load on
contaminated surfaces cannot be entirely accredited to ozone, although it is assumed that
ozone plays a major role. There are many reactions occurring and therefore which reactions
have the greatest effect on the degradation must still be evaluated and understood.
5.2.1

Potential for use

There is a potential for HVACP treatments to be utilized beyond that of current
ozonation applications. It is necessary to understand the changes in microbiological
structure after treatment. The images below show the effects of ozonation treatments (not
using HVACP, but an ozone generator, provided by O3Co Inc. of Idaho Falls, Idaho) on
Penicillium spp., which have grown on DWG (Figure 5.2). We anticipated that similar
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collapsing of the filaments of the fungi would be seen if samples were treated with the
HVACP system. To observe the effects of HVACP treatments on fungi cellular structure,
the method suggested here used light microscopy to examine changes. Testing could
involve distillers grains with solubles of two moisture contents (about 50% [wet] and
about 10% [dry]) samples to be inoculated with known levels of fungi, placed in a petri
dish and incubated at 25°C for 3 to 7 days allowing mold to germinate. Thereafter,
samples could be treated with the HVACP system at 70 kV for 360 seconds, following
similar treatment parameters as those previously tested. This will allow for the evaluation
of the effect of HVACP on microbial species. Once the treatment is complete samples
should be prepared for microscopy. In order to ensure random sampling, use a systematic
method to retrieve samples. The petri dish should then be divided into four quadrants and
a sample taken from each quadrant as well as the center, where all four quadrants
intersect. These sections will then be used for examination under light microscopy. A
portion of the remaining sample can be plated on malt salt agar and incubated at 25°C for
3 to 5 days in order to enumerate the colony forming units (CFU) that remain after the
treatments.
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(a)

(b)
Figure 5.2 SEM image of Penicillium spp. grown on distillers wet grains (0% CDS) and
stored at 0°C for 60 days. (a) Treated with ozone at 60ppm for 30 minutes. (b) Untreated
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These counts can be used to support the results from the light microscopy images.
Figure 5.2a is an SEM image of Penicillium spp. that had been grown on DWG,
comparing the filamentous structure after 30 minutes of treatment at 60ppm to an
untreated sample, fig. 5.2b. In the untreated sample, we can see that the hyphae structure
and the spores are still round and full. Comparatively, the treated sample in figure 5.6a
shows that the hyphae are deflated and the spores are now dimpled. We suspect that
ozone treatments caused the structure to deflate and we would anticipate similar results
for HVACP treatments.

5.3

Materials and Methods

The ionization treatments of samples were conducted using the high voltage
atmospheric cold plasma (HVACP) described in Chapter 4 that was developed by Keener
and Klockow (2010). In this technology, an atmospheric non-equilibrium plasma is
created inside the package by a voltage applied from the outside of the package. The
system consists of a high voltage generator, which applies the alternating current
potential to a pair of metallic plates. All tests were performed at room temperature.
5.3.1

Evaluation of field exposure, package gas, and treatment time as critical
parameters using methylene blue discoloration

Multiple studies have shown the effect of dye removal by oxidation processes
such as plasmas. The oxidation sensitive dye, methylene blue (MB), reduces color from
dark blue to clear in the presence of ozone and hydroxyl radicals. MB is an indicator of
the reactive oxygen species formed in the package during HVACP treatment.
Discoloration in MB, from spectra wavelength values, was used as an indicator of ozone
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concentration, with increased ozone and RGS concentration MB discoloration increases.
Discolouration is defined as the percent decrease of absorbance as described in Equation
5.1.
%

100

Equation 5.1

Where A0 is the absorbance at the maximum absorption wavelength of initial dye
solution and A is the absorbance at the maximum absorption wavelength of dye solution
after the HVACP treatment. Analytical grade methylene blue reagents were obtained
from Sigma-Aldrich (St. Louis, MO). The initial MB absorption spectra was between
2.93 and 2.96; these were measured using a UV-Vis spectrophotometer (Hitachi Model
U-1100, Hitachi-HTA, USA). The absorption wavelength was set at 650nm. In the field,
there are highly reactive species interacting with the microbes that may not be there out
of the field. Experiments were conducted using a 3×2×2 factorial design, with 3
treatment, 2 package gas conditions, and 2 product field locations (in-the-field and outof-the-field). Three replications were prepared for each treatment tested. Weigh boats
with 20mL of 0.001% MB were placed inside sample bags of 12” × 12” (30.48 cm ×
30.48 cm). The bags were sealed and filled with ambient air for 70 seconds to obtain a
gap space of 4.45cm. Likewise 12” × 12” (30.48 cm × 30.48 cm) bags were sealed and
filled with modified gas blend (MA), (65% O2 / 30% CO2 / 5% N2), to obtain a gap space
of 4.45cm. The samples were treated for 0s (NL0), 120s (NL1), 240s (NL2) and 360s
(NL3); using an average voltage (70kV), wattage (123W) and current (0.60 mA) during
the treatment. The product field locations were tested as the sample was placed a) in-thefield, in line with the electrodes and 2) out-of-the-field, out of the line with the electrodes
(Figure 5.3). Samples were stored for 24 hours at 4oC, after which the absorption spectra
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of the MB was measured. Three replications for each time and gas treatment were
performed.

High voltage electrode
High voltage
transformer

Indirect exposure
sample

Direct exposure
sample

Ground electrode
Variable
Controller

Dielectric
barrier

Input voltage

Figure 5.3 Schematic diagram of a high voltage atmospheric cold plasma system. Note
that image is not to scale (adapted from Lu et al., 2013).

In order to compare the MB discoloration to microbial degradation, 50 g of DWG
were placed into a 30.48cm × 30.48 cm bag and sealed. The bag was filled with air for 70
seconds at 55 lpm, from the gas cylinders and gas flow was measured with a flow meter
(Gilmont Instruments, Inc, Barrington, IL) to obtain a gap space of 4.45cm. The sample
of DWG was treated both in the a) direct and b) indirect field of the electrodes. Samples
were treated for three different times, 120s, 240s and 360s. Time was started when the
voltage reached 70kV. Three replications for each treatment and time were performed.
In order to evaluate the results of using MA, and compare with the results from
the MB discoloration, about 50 g of DWG were placed into a 30.48 cm × 30.48 cm bag
and sealed. The bag was flushed with the MA; the bags were then filled for 70 seconds at
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55 lpm to obtain a gap space of 4.45cm. The samples were placed out of the field.
Samples were treated for three different times, 120s, 240s and 360s. Time was started
when the voltage reached 70 kV. Three replications for each time were performed.
After treatment, samples of the bags filled with air as well as MA, were placed in
a Ziploc® bag and stored in a refrigerator at temperatures less than 4oC for 24 hours.
After 24 hours, the sample was removed from the bag and aerobic plate counts (APC)
were performed.
APC counts were measured for treated DWG samples by plating samples on
PCA. A 10-1 dilution was prepared by removing 10 grams of DWG from post-treatment
product and placing it in 90 ml of 0.01% Peptone Water. The DWG was stomached for
120 s and then 100 uL was plated in triplicates and incubated for 48 hours for a 10-2
dilution. The control sample was plated at 10-4 dilution. After the incubation, CFUs were
counted and the data reported as CFUs per gram adjusted according to the dilution value
for that plated test.

5.3.2

Evaluation of bag size (volume), amount of sample and analysis delay time as
critical parameters for HVACP treatment on DWG.
Package size is a critical parameter that is important to evaluate for HVACP

treatments. Depending on the amount of fill gas, the gap space was adjusted as it filled
the package. In this work, a full package was defined as one that is sized at 30.48 cm ×
30.48 cm, compared to a half package which was 15.25 cm × 15.25 cm. Full bags were
filled with MA for 70 seconds at 55 lpm to obtain a gap space of 4.45cm and half bags
were filled with MA for 35 seconds at 55 lpm to obtain a gap space of 4.45cm. The bag
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size allowed us to determine if the lesser volume in fact correlated to a lower number of
RGS produced inside, as one set of packages contained half of the gas but maintained the
same gap space between the electrodes.
The amount of sample treated in the HVACP system was a critical parameter that
allowed us to see if the plasma species created were sterilizing the surface of DWG, or
the entire product. Variations in the amount of sample resulted in unequal depths of the
product, and potentially different levels of surface exposure to the RGS. The effect of the
treated product sample size on RGS exposure and treatment efficacy needed to be
investigated, in order to optimize HVACP treatment on DWG.
With an understanding that many of the RGS have a short half-life time, it is
important to consider the amount of time after which treatment is performed and analysis
of the sample is ran. This time period is referred to as the analysis delay time, and in this
work varied between 0 hours and 24 hours. An analysis delay time of 0 hours means that
the samples were analyzed immediately after treatment, compared to the 24 hours where
the samples were placed in a cooler at 4°C and then analyzed at the end of that time. The
impetus for doing this is to understand the effect of RGS on the treated product within the
first 24 hours after treatment, when the treated product was still exposed to some of the
RGS. Experiments were conducted using a 2×3×2×2 factorial design, with 2 bag sizes, 3
treatment times, 2 post treatment storage testing times, and 2 amounts of sample (sample
weights), yielding a total of 24 treatment combinations. Three replications were prepared
for each treatment tested.
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5.3.3

Evaluation of the effect of HVACP on DWG quality and its efficacy based on
grain depth as critical parameter.
This section presents the efficacy of HVACP on the shelf-life of DWG by

investigating the effect of exposed surface area by depth during treatment. Additionally,
the effect of HVACP treatment on DWG product quality as determined by its chemical
composition and amino acid profile was investigated for untreated and treated DWG. For
the investigation of the effect of depth on HVACP treatment efficacy, experiments were
conducted using a 3×3 factorial design, with 3 depths and 3 storage days, yielding a total
of nine treatment combinations. Three replications were prepared for each treatment test.
To conduct treatments on samples, 230g of DWG were placed in a polyethylene
container, which was sectioned off to depths of 1, 2.5 and 4.5 cm using a mesh screen
made of vinyl coated polyester material to create three layers within the grain mass
(Figure 5.4). The average weight for the top level (1cm from top) was 93 grams, the
average weight of the second level (between 1cm and 2.5cm from top) was 74 grams, and
the average weight of the bottom level (between 2.5cm and 4.5 cm from the top) was 64
grams. Each of the test containers were placed in a 30.5 cm × 28.0 cm Cryovac bag
(Sealed Air, Duncan, SC) and filled with a working gas mixture MA, for 70 seconds at 55
lpm to obtain a gap space of 4.45cm. Filled packages were placed between the electrodes
of the HVACP system for treatment at 70kV for 360 s. Triplicate replications of the
treated DWG samples were stored at 25°C for shelf-life studies that were performed for
0, 14 and 28 day periods. Microbial load (CFU/g), aflatoxin levels, pH, moisture content,
crude protein, crude fat, crude fiber, ash, total reducing sugars, glycerol, amino acids and
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minerals were analyzed in three replicate sub-samples for each batch and its subsequent
three layers.

4.5 cm

2.5 cm

1 cm

Figure 5.4 Image of DWG grain depth test container distinguishing the three different
depth levels (depth 1 at top: 1 cm, depth 2 in the center: 1.5 cm, depth 3 on the bottom: 2
cm).

Moisture content, pH and microbial load were measured in triplicates for each of
the three sections (top, middle, and bottom). Three replicate sub-samples from each
DWG batch weighing about 40 g per replicate were analyzed for crude protein, crude fat,
crude fiber, ash, glycerol, amino acids and minerals by an external lab (The University of
Missouri Agricultural Experiment Station Chemical Laboratories, Columbia, MO) using
AOAC Official Methods (AOAC, 2000). The methods used for the properties determined
were AOAC 934.01 for moisture, AOAC 984.13 for crude protein, AOAC 920.39 for
crude fat, AOAC 978.10 for crude fiber, and AOAC 942.05 for ash content. The amino
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acid profiles were determined by AOAC 982.3. The mineral content was determined for
composition of calcium, phosphorus, sodium and sulfur using Atomic Absorption
Spectroscopy. Likewise a sample, with portions from each section (top, middle, and
bottom) were taken to measure aflatoxin levels using the Envirologix ® mycotoxin
QuickTox QuickScan kit (Envirologix Inc., Portland, MA USA) for distillers grains
samples.
5.3.4

Statistical analysis and model development

After taking into account the variables studied, an empirical model was developed
using basic statistical and mathematical concepts. This allowed for the comparison of
each variable tested in one equation. The model was developed by applying stepwise
regression to the data on: treatment time, ionization level, amount of sample, grain depth,
surface area in SAS. Correlations between the variables were tested using ANOVA and
regression analysis to determine whether there was multicollinearity between the
variables. Once multicollinearity between the variables was established, a polynomial
model was created from this data. The stepwise regression polynomial model resembles
the statistical first order model commonly used and given by:
⋯
The β values was determined from the SAS output and the x values represents the
different parameters being compared in the model with n equal to the final number of
predictors used and y is the log reduction or efficacy. All statistical analyses were
performed using SAS Software (SAS Institute, Cary, NC, 2004).
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5.4
5.4.1

Results and Discussion

Evaluation of field exposure, package gas, and treatment time as critical
parameters using methylene blue discoloration

The concentration of ozone into hydroxyl radicals produced by HVACP on the
discoloration of methylene blue (MB) and log reduction of microbial loads on DWG
samples were determined under the following: (1) in-field vs. out-of-the-field exposure
during treatment (2) treatment duration at 120 s, 240 s and 360 s, and (3) enclosed gas:
air versus MA.
Tables 5.1, 5.2, 5.3 and 5.4 show the results of log reduction (Equation 4.2) from
an initial microbial count and percent discoloration (Equation 5.1) of MB for treatments in
“air” and “MA” gas “in” and “out” of the field, respectively. The log value of the microbial
count represents the total number of viable microbes on the DWG sample defined by:
Equation 5.2
where A represents the mean microbial load value (CFU/g) for the given test parameter.
From these results, we determined that samples treated directly in-the-field had a
higher log reduction that samples treated out-of-the-field, and that MA gas had a higher
log reduction than air. The time 360s had the highest MB discoloration for each of the
different treatment conditions. The MB discoloration is pictured in Figure 5.5; as the
treatment time increased (left to right), discoloration of the methylene blue increased
(dark blue to almost colorless, very light blue). Therefore, the treatment time of 360 s was
selected as the optimum treatment time that would have the most residual HVACP
reactive gas species (such as ozone) through the storage period after a sample had been
treated.
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Figure 5.5 Methylene blue discoloration after treatment with HVACP system at 70kV for
various times: 0 sec (dark blue), 120 sec, 240 sec and 360 sec (very light blue); from left
to right.
Table 5.1 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “air” for samples “in” the field.
Sample
Control
Treatment 1 (120 sec)
Treatment 2 (240 sec)
Treatment 3 (360 sec)

Microbial Count
(Log10CFU/g)
5.75(0.55)
4.78(0.73)
4.75(0.59)
4.98(0.95)

Log Reduction % discoloration of MB (%)
0
0.97
1.00
0.77

3.95
87.25
97.13
98.12

n = 3, three replicates per treatment
The value in parenthesis is the standard deviation.
Table 5.2 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “MA” gas “in” the field.
Sample
Control
Treatment 1 (120 sec)
Treatment 2 (240 sec)
Treatment 3 (360 sec)

Microbial Count
(Log10CFU/g)
4.56(0.73)
3.28(0.37)
3.47(0.22)
3.29(0.26)

Log Reduction % discoloration of MB (%)

n = 3, three replicates per treatment
The value in parenthesis is the standard deviation.

0
1.28
1.09
1.27

0.30
99.12
99.63
99.90
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Table 5.3 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “air” for samples “out” of the field.
Sample
Control
Treatment 1 (120 sec)
Treatment 2 (240 sec)
Treatment 3 (360 sec)

Microbial Count
(Log10CFU/g)
4.97(0.58)
4.46(1.06)
4.80(1.26)
4.57(1.46)

Log Reduction % discoloration of MB (%)
0
0.51
0.17
0.40

3.95
87.25
97.13
98.12

n = 3, three replicates per treatment
The value in parenthesis is the standard deviation.
Table 5.4 Analysis of aerobic plate count results compared with the change in color from
no load MB test in “MA” gas “out” of the field.
Sample
Control
Treatment 1 (120 sec)
Treatment 2 (240 sec)
Treatment 3 (360 sec)

Microbial Count
(Log10CFU/g)
3.40(0.00)
2.70(0.00)
3.20(0.28)
2.90(0.35)

Log Reduction % discoloration of MB (%)
0
0.70
0.20
0.50

0.30
99.12
99.63
99.90

n = 3, three replicates per treatment
The value in parenthesis is the standard deviation.
Statistical analysis was conducted on the data presented in Tables 5.1 to 5.4 in
order to determine the significance of the fill gas type (air, MA), treatment time (120s,
240s, 360s) and field exposure (in-field vs. out-of-the field). It was found that treatment
time was significant (P<0.0204, F=3.46) and fill gas type was significant (P<0.0012,
F=11.22) for a Type I SS for the dependent variable, microbial count. For the Tukey
analysis the control (0 seconds of treatment) ranked significantly higher than only the 120
seconds of treatment and the treatment gas of air ranked significantly higher than that of
MA. In evaluating methylene blue discoloration, it is understood that the oxidation of the
dye molecules involves an attack on the bonds between the N atoms and the sulfonic
group (Figure 5.6).

153

Figure 5.6 Chemical structure of methylene blue

The reactive species produced during HVACP treatment occur both in the gas and in the
liquid phase. This treatment is able to produce O3, H2O2, OH, nitrites, oxides and other
active species. Ozone is mainly produced from air or oxygen by electrical discharges
(arching). Beside ozone, electrical discharges in humid air also produce a variety of
chemically active species, such as O., .OH, N., HO2., N2*, N*, OH−, O2−, O−, O2+, N2+, N+,
NO, and NO2 (Misra et al., 2015). Misra et al. (2015) noted that ozone is not the only
chemical species responsible for discoloration, but it is identified as a dominant active
species responsible for degradation. The package gas with the higher initial oxygen
concentration (MA) had the higher percent methylene blue discoloration. It is expected
that after ionization the package gas with the higher oxygen concentration would produce
a greater number of oxygen radicals, including ozone, and therefore ozone is key in the
discoloration of MB. RGS that are produced in-field are expected to have millisecond
life, and this may be a contributing factor when evaluating the difference for placing the
sample in or out of the field. However, more investigation into this is necessary to
confirm.
Understanding that fill gas and treatment time are the critical parameters of the
HVACP system which are significant it will be important to ensure that these are adjusted
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for optimal treatment in order to ensure that treated product will achieve extended shelflife. The type of fill gas used determines which reactive gas species are produced in the
package when placed in the HVACP system.

5.4.2

Evaluation of bag size (volume), amount of sample and analysis delay time as
critical parameters for HVACP treatment on DWG.

Results from tests conducted with the HVACP system at two different sample sizes
(12.5g and 25g) are shown in Table 5.5. The results show the microbial load log reduction,
treated samples compared to untreated control samples, for half bag (1.945L) and full bag
(3.89L) packages, treated for three different treatment times (120, 240, 360s) and stored
for 0 or 24 hours after treatment. The bag size correlated to the dimensions of the bag and
the volume of MA that was inside the packages. The log reduction represents the difference
between the treated sample and the control sample for each of those days.
Equation 5.3
Where Ac represents the control microbial load value (CFU/g) and BT represents
the treated microbial load value (CFU/g). It was confirmed again (see Section 5.4.1.) that
longer treatment time (360s) yields higher log reductions in microbial load. From the
ANOVA analysis, treatment time was significant (P=0.0002) and the Tukey analysis
showed there was a significant difference for the time period 120 seconds. When the
difference in values for half and full bags are compared, it was found that the full
package had the greater reduction (Table 5.5). ANOVA ran for bag size (P<0.3081,
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F=1.11) showed the higher mean (1.8878 log10CFU/g) for the full bag (3.89L), however
there was no significant difference for bag size (package volume) when compared to the
half bag (1.945L). The interaction between the amount of samples and bag size
(P<0.1710, F=1.84) was not significant either.
Although there is no significant difference for the interaction of the amount of
sample and the package size (volume), the relationship needs to be further evaluated. If
we look solely at the 25g samples and the variation in the package size (volume), we
would understand that as the volume decreases the RGS produced have less space to
interact with the same amount of sample as a larger package. Also, from Table 5.5 we see
that the larger volume package has a higher microbial log reduction for treatments that
are tested immediately. Comparatively, the half volume package has a higher microbial
log reduction for treatments tested 24 hours after treatment. It is expected that the main
RGS produced will be gone after 24 hours, but those with longer half-life times have the
opportunity to interact with the sample over that time period. The smaller samples size
(12.5g) did not show the same phenomena, only the 120s treatment in the full bag had a
higher microbial load when tested 24 hours after treatment. It is also important to
consider the relative humidity inside of the package, as it is important for speciation. The
relative humidity for full bags changed from ~45% before treatment to ~95% after
treatment for both 0h delay time and 24h delay time. Relative humidity was not measured
for the half bag treatments due to limited space inside of the package, however this would
be valuable information to better understand the variations in how the bag size affects log
reduction.
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Table 5.5 Log reduction of microbial load (CFU/g) after HVACP treatments at 3 different
times and two different bag sizes.
Full Bag
Amount (g)

Half Bag

25

Delay time
(h)
0

Treatment
time (s)
120

Log
reduction
1.046b

Log
reduction
0.845b

25

0

240

2.057a

0.982a

25

0

360

2.949a

1.766a

25

24

120

0.141b

1.681b

25

24

240

1.579a

2.438a

25

24

360

2.141a

2.681a

12.5

0

120

0.530b

1.000b

12.5

0

240

3.602a

2.073a

12.5

0

360

3.643a

2.750a

12.5

24

120

1.155b

0.176b

12.5

24

240

2.620a

0.834a

12.5

24

360

2.854a

2.477a

a-b

Within the amount of sample and delay time the means for indicators (treatment time)
followed by different letters are significantly different (P<0.05; Tukey).
Statistical analysis was conducted for the data presented in Tables 5.5 to 5.6 in order to
determine the significance of the bag size which correlates to volume (full (3.89L) vs.
half (1.945L), treatment time (120s, 240s, 360s) amount of sample (12.5, 25, 50g), and
analysis delay time (0h vs. 24h). It was found that treatment time was significant
(P<0.0002, F=13.12) for a Type I SS for the dependent variable, microbial count. In
Table 5.6, the values for full bag sizes are compared for log reduction after 0 and 24
hours. The full bag size meant that there would be a larger log reduction than that of the
half bag, except for 25g samples with a 24hr analysis delay time and the lower treatment
time for 12.5g at 0hr analysis delay time. For the samples of 25g that were treated and
stored for 24 hours before running analysis the half bag log reduction was greater than
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that of the full bag. As we would have anticipated that the larger bag size would always
have the higher microbial load for treated samples. As the sample amount increases, the
microbial log reduction decreases for both 0 and 24 hours. It is noted that RGS generated
during the HVACP ionization process will convert back to their original package gas
composition within 24 hours without leaving any chemical residuals (Chen, 2014).
Relative humidity can play an important role in the results we obtained from Table 5.5.
As mentioned elsewhere, the RH inside of the packages before treatment were all near
45% and after treatment were upwards of 90%. More water vapor inside of the package
may have caused the full bag to have better effects from treatment. During the time after
which the package has been treated there is potential for the gas molecule species that
were created to go into the cell of the product and cause cell death.
The log reduction at 0h delay time for 12.5g samples treated for 360 seconds was
99.98% compared to that for 50g samples, which was 99.03%. Samples of 12.5g at 24h
delay time had a percent log reduction of 99.86% and 97.98% for 50g samples. This
shows that smaller sample sizes give a higher log reduction of microbial load and that
larger reductions are obtained, between samples sizes, with no post treatment storage (0
h). However, there was no statistical significant difference for the analysis delay time or
the amount of sample.
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Table 5.6 Log reduction of microbial load after HVACP treatments of 3 different times
and stored for 2 different testing delay periods before running analysis.
0h

24h
Amount
Delay time
Log
Log
(g)
(s)
reduction reduction
50
120
1.728a
1.323a
50
240
1.364b
1.499b
50
360
2.015b
1.694b
25
120
1.046a
0.141a
25
240
2.057b
1.579b
25
360
2.949b
2.141b
12.5
120
0.53a
1.155a
12.5
240
3.602b
2.62b
12.5
360
3.643b
2.854b
a-b
Within the amount of sample and analysis delay time the means for indicators
(treatment time) followed by different letters are significantly different (P<0.05; Tukey).
The increase of analysis delay time, the amount of storage time after the HVACP
treatment, has been found to have higher inactivation rates on bacteria counts in liquid
media (Ziuzina et al., 2013).

5.4.3

Evaluation of the effect of HVACP on DWG quality and its efficacy based on
grain depth as critical parameter.
From previous research, the shelf life correlated to pH, CFU and other

parameters. The results showed that DWG shelf life was preserved, did not change
colors or have as much mold over the 28 days of storage period. The effect of sample
depth on the efficacy of HVACP treatment of DWG was evaluated using treated and
untreated samples that were divided into 1 cm, 2.5 cm and 4.5 cm sections by depth
during treatment and analyzed for shelf-life stability based on moisture, pH and aflatoxin
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levels, and quality based on its chemical composition (proximate analysis and amino acid
profiles).
After treatment with the HVACP system, the samples were placed in a single
layer, in a Percival Scientific Biological Incubator (Percival Scientific Inc., 1-36VL,
Boone, Iowa), at 25°C for 0, 14 and 28 days. Figure 5.2 depicts how the depths were kept
separate during testing. On each testing day three packages were removed and analysis
was performed by separating each depth’s layer. For mycotoxin and chemical
composition analysis all three depths (layers) were mixed together and analyzed, or sent
for analysis. Samples prepared to be sent off for chemical composition analysis were
stored in a freezer (-40°C) until one week after all samples had been removed from the
storage temperature chamber.
In Table 5.8, we find that on a particular storage day (0, 14 or 28) as the level or
depth of the product increased the moisture remained relatively constant, within 1.1 to
~7%. The higher end being an exception found on day 14 at depth 2. There was no
significant effect for moisture content, however it was noticed that after 28 days of
storage both the treated and untreated samples had lower moistures for the top 1cm
(~63%) and increased at the lower depths 4.5 cm (66%). These results could correlate to a
drying effect within the sample. The top of the product is expected to dry out before the
deeper sections, regardless of treatment. Likewise pH values remained between 4.26 and
4.45 for both treated and untreated samples over the 0, 14, and 28 day storage periods.

160
Table 5.7 Statistical Analysis for treated DWG with different depths stored for 0, 14 and
28 days at 25°C temperature.
Treatment

Microbial Load

Moisture Content

pH

Aflatoxin

Effect

F Value

Pr > F

Day
Depth
Treatment
Day*Depth
Day*Treatment
Depth*Treatment
Day
Depth
Treatment
Day*Depth
Day*Treatment
Depth*Treatment
Day
Depth
Treatment
Day*Depth
Day*Treatment
Depth*Treatment
Day
Depth
Treatment
Day*Depth
Day*Treatment
Depth*Treatment

6.61
1.33
19.43
3.35
3.06
1.17
18.01
31.19
0.00
21.49
1.21
2.29
36.84
0.00
0.00
0.00
0.00
0.00
0.51
0.51
0.00
1.26
1.51
1.51

0.0018
0.2669
<.0001
0.0117
0.0498
0.3117
<.0001
<.0001
0.9549
<.0001
0.3009
0.1047
<.0001
1.0000
0.9999
1.0000
1.0000
1.0000
0.6041
0.6041
0.9463
0.2895
0.2248
0.2248

Table 5.8 Moisture Content (M.C.), pH and Aflatoxin levels for untreated and HVACP treated samples (360 sec) stored for 0, 14 and
21 days with three different depth levels of product tested.
Depth
Day
0

(cm)
1

M.C. (%w.b.)
No Treatment
63.86(1.80)

b2
a

0

2.5

64.65(0.20)

0

4

63.48(2.12)a

14

1

64.59(0.27)

a

63.97(1.68)a

4.40(0.01)

a2

4.40(0.03)

a

4.44(0.09)a

HVACP
4.45(0.04)

No Treatment
a2

1.08E+08(2.58E+06)

b

a

1.22E+08(5.96E+06)

4.40(0.03)a

1.21E+08(8.06E+06)

4.35(0.18)

b

a1

4.29(0.11)a3

4.26(0.06)a3

a

a

a

a

3.56E+08(1.13E+07)
4.43E+08(2.83E+07)

65.31(0.19)

14

4

65.77(0.14)a
63.08(0.76)

b12
a

28

2.5

65.40(0.29)

28

4

66.29(0.28)a

58.76(0.91)

4.30(0.07)

4.44(0.16)

65.29(0.46)1

4.33(0.12)a

4.40(0.08)a

b1

a1

a1

62.84(0.44)

64.96(0.42)

a

66.17(0.33)a

4.33(0.06)

4.30(0.05)

a

4.29(0.06)a

4.32(0.05)

3.21E+08(1.08E+07)

a
a

ab1

3.20E+08(2.96E+07)

ab

a

3.70E+08(5.42E+07)

4.27(0.04)a

4.00E+08(4.00E+08)

4.31(0.02)

Aflatoxin (ppb)

HVACP
b2

65.28(0.62)b1

2.5
1

No Treatment
b1

64.28(0.28)b1

14
28

HVACP
64.19(0.30)

Microbial Load (CFU/g)

pH

ab

No Treatment

HVACP

10.00a

0.00a

NT

NT

11.00a

0.00a

b1

3.83E+07(3.06E+06)

b

6.83E+07(4.34E+06)

b

7.05E+07(3.05E+06)

a1

1.08E+08(7.09E+06)

a

1.12E+08(2.09E+06)

a

1.01E+08(4.26E+06)

ab1

1.80E+08(7.51E+06)

ab

1.60E+08(2.41E+06)

ab

1.70E+08(5.83E+06)

NT – sample was not tested.
a-c
Within the day and treatment the means for indicators (depth) followed by different lower-case letters are significantly different
(P<0.05; Tukey).
1-2
Within the treatment, the means for indicator (day) followed by different number are significantly different (P<0.05; Tukey).
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Aflatoxin results showed 10ppb on Day 0 in one of the three samples tested, and 11ppb
on Day 28 in one of the three samples tested (Aflatoxin was not evaluated on day 14). In
order to ensure procedures were correct when running the system a test with 100ppb
standard of Aflatoxin was tested with the Envirologix system (Envirologix Inc., Portland,
MA USA), the output was >100ppb. Therefore procedures and system were assumed to
be correct. Statistical significance analysis showed that Aflatoxin was not significant
between treated and untreated samples, nor between the treatment days. Tukey grouped
day 14 with 28 and day 28 with 0 to not be significantly different, with day 14 having the
highest rank for significance for CFU/g values.
Chemical composition of the DWG HVACP treated and untreated samples are
presented in Table 5.9. The contents of amino acids (AA) were similar between the
various storage periods for treated and untreated samples. The total values of chemical
composition for untreated compared to treated samples are relatively close. The common
amino acids; lysine, methionine, threonine, and tryptophan had standard deviations
between 0.01 and 0.06 for the three replications at each treatment day. This information
is important as it shows minimal changes in the composition when considering nutritional
values. When tests of statistical significance were conducted on the total value of the
amino acids to evaluate the difference between the treated and untreated samples, no
significant difference was determined. Therefore, the HVACP treatments had no
significant effect on chemical composition and amino acid profiles of the DWG. When
considering if the HVACP treatments have any adverse effect on the DWG product, the
results from Table 5.9 help to justify that there are no major changes in the chemical
composition of the product. This is important for cattle feeding facilities, and others
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interested in increasing utilization of DWG. Although, the DWG are treated with the
HVACP system, there would be no adjustments to make on rations concerning nutritional
values if already feeding untreated DWG.
Table 5.9 Chemical composition (%W/W) of high voltage atmospheric cold plasma
(HVACP) treated and untreated distillers grains samples stored for 0, 14, and 28 days.

Taurine
Hydroxyprolin
Aspartic Acid
Threonine
Serine
Glutamic Acid
Proline
Lanthionine
Glycine
Alanine
Cysteine
Valine
Methionine
Isoleucine
Leucine
Tyrosine
Phenylalanine
Hydroxylysine
Ornithine
Lysine
Histidine
Arginine
Tryptophan
Total

Treated Sample Analysis Day
0
14
28
0.06(0.00)
0.06(0.00)
0.05(0.01)
0.06(0.01)
0.11(0.04)
0.09(0.02)
2.07(0.02)
2.05(0.13)
2.12(0.03)
1.21(0.01)
1.20(0.06)
1.22(0.01)
1.46(0.02)
1.45(0.08)
1.43(0.03)
4.50(0.27)
4.64(0.51)
4.94(0.05)
2.72(0.03)
2.71(0.11)
2.84(0.06)
0.00(0.00)
0.00(0.00)
0.00(0.00)
1.30(0.10)
1.25(0.07)
1.23(0.02)
2.36(0.02)
2.35(0.08)
2.45(0.03)
0.59(0.01)
0.58(0.03)
0.60(0.01)
1.34(0.04)
1.32(0.06)
1.37(0.03)
0.56(0.01)
0.56(0.04)
0.58(0.01)
1.08(0.02)
1.07(0.03)
1.07(0.02)
3.95(0.06)
3.98(0.19)
4.09(0.04)
1.48(0.03)
1.44(0.03)
1.47(0.02)
1.68(0.01)
1.69(0.08)
1.71(0.02)
0.09(0.02)
0.08(0.03)
0.10(0.01)
0.06(0.02)
0.04(0.01)
0.03(0.01)
1.13(0.02)
1.12(0.03)
1.11(0.02)
0.72(0.04)
0.72(0.05)
0.66(0.02)
1.36(0.02)
1.35(0.04)
1.33(0.02)
0.23(0.01)
0.23(0.01)
0.22(0.00)
30.02(0.26)a 30.00(1.42) a 30.71(0.32) a

Untreated Samples Analysis Day
0
14
28
0.06(0.00)
0.06(0.01)
0.06(0.01)
0.14(0.08)
0.09(0.02)
0.09(0.02)
2.03(0.11)
2.12(0.04)
2.13(0.04)
1.21(0.06)
1.22(0.02)
1.23(0.02)
1.46(0.06)
1.44(0.02)
1.43(0.03)
4.31(0.17)
4.81(0.13)
4.95(0.06)
2.73(0.12)
2.76(0.07)
2.83(0.03)
0.00(0.00)
0.00(0.00)
0.00(0.00)
1.36(0.04)
1.20(0.04)
1.23(0.02)
2.36(0.08)
2.38(0.08)
2.45(0.03)
0.58(0.02)
0.59(0.02)
0.59(0.02)
1.33(0.05)
1.38(0.04)
1.40(0.04)
0.55(0.03)
0.59(0.02)
0.59(0.01)
1.11(0.04)
1.06(0.04)
1.09(0.04)
3.96(0.13)
4.06(0.08)
4.10(0.08)
1.51(0.06)
1.45(0.03)
1.45(0.03)
1.68(0.06)
1.71(0.03)
1.71(0.05)
0.11(0.01)
0.05(0.01)
0.10(0.02)
0.06(0.02)
0.03(0.01)
0.03(0.01)
1.12(0.05)
1.13(0.03)
1.12(0.04)
0.75(0.03)
0.69(0.02)
0.69(0.02)
1.37(0.05)
1.35(0.03)
1.33(0.03)
0.23(0.01)
0.24(0.01)
0.23(0.00)
30.00(1.06) a 30.42(0.62) a 30.83(0.48) a

Crude Protein
Moisture
Crude Fat
Crude Fiber
Ash

35.37(1.4) a
3.57(0.2) a
9.59(0.40) a
11.16(0.11) a
2.99(0.10) a

34.24(0.81) a
3.68(0.04) a
9.60(0.05) a
11.10(0.39) a
3.01(0.06) a

Item

a-c

34.82(1.80) a
3.61(0.19) a
9.37(0.20) a
11.04(0.34) a
3.10(0.11) a

37.10(0.09) a
3.62(0.36) a
9.10(0.17) a
11.22(0.40) a
3.13(0.07) a

36.43(0.36) a
3.58(0.17) a
8.97(0.29) a
11.25(0.13) a
3.11(0.02) a

36.99(0.28) a
3.54(0.15) a
9.05(0.05) a
11.19(0.27) a
3.17(0.05) a

Within the day and treatment the means for indicators (total and chemical composition)
followed by different lower-case letters are significantly different (P<0.05; Tukey).
Values are the average of three replications (n = 3) and standard deviation is represented
in parenthesis.
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In Table 5.8, we compare the CFU/g values for samples which were untreated and
HVACP treated then stored for 0, 14 and 28 days. The three different depths were
separated and analyzed. It was found that the microbiological load increased with an
increase in the depth of the product. The largest reductions were found on the top layer
(Depth 1, 1 cm) for treated samples. There was a 45% increase in microbial load for
treated samples at day 0 from the top layer (Depth 1) to the bottom layer (Depth 3, 2 cm).
This supported the fact that ionization species produced in the HVACP systems sterilize
the top layer and then penetrate through the depth of the grain mass.
SAS Results were ran using two separate models, using only the depth results and
the other used data looking at variations in bag size and treatment time. The model
equation is presented below along with graphs of the predicted values, and how they
correlate. A stepwise regression polynomial model was ran comparing the microbial load
by HVACP treatment and the given parameters. For equation 5.4 delay times compared
are only 0 and 24 hours after treatment.
0.124

0.021

0.006

Equation 5.4

Equation 5.4 gives y as the log reduction of the microbial load by HVACP treatment, x1 as
the amount of sample and x2 as the treatment time.
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Log Reduction (log10 CFU/g)
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Figure 5.7 Microbial log reduction as a function of treatment time and amount of sample

Figure 5.7 shows that as the amount of sample increases the log reduction decreases at a
given treatment time. We also note that the increase in treatment times at a given amount
of sample will allow for a larger log reduction of the total microbial population. From the
scope of the analysis used for this model, treatment times must increase beyond 360s at
70kV with HVACP system when the amount of sample is above 80g.
Additionally, results were ran using SAS under two alternative conditions, using
only the depth and another where data looking at variations in bag size and treatment
time. The model equations are presented below along with graphs of the predicted
values, and how they correlate.
0.3226

0.0012

0.0006

0.05299

Equation 5.5

Equation 5.5 evaluates microbial log reduction, it is a stepwise regression polynomial
model where y is the log reduction of the microbial load by HVACP treatment, x1 is the
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amount of sample, x2 is the storage time after treatment, and x3 is the depth of the sample.
This model compared the parameters over 28 days for the storage times (0, 14 and 28 days).

0.59

0.75 cm
1 cm

Log Reduction (log10CFU/g)

0.57

1.75 cm

0.55
0.53

2.5 cm

0.51

4.5 cm

0.49
0.47
0.45
0

7

14
Storage Time (days)

21

28

Figure 5.8 Log reduction as a function of DWG depth (inches) over time (days).

In Figure 5.8, the model is used to predict how the log reduction changes with a change
in the depth of the sample. The model obtained log reductions less than one log at the
treatment parameters tested, 70kV, 360s. It is likely that with an increase in treatment
time higher log reductions will be obtained for these larger DWG samples. Although the
aforementioned investigation is not covered in the scope of this work, the results
presented are still promising as they show that with an increase in depth there is a
decrease in log reduction. These results allow us to better understand how the changes in
depth is a critical parameter for microbial log reduction using the HVACP treatment
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system. It appears that depth would be a better parameter to control than sample size. In
scaling up the HVACP treatment of DWG, conceptually, the depth can be adjusted as a
critical parameter to one that is practical for the process.

5.5

Significant Findings and Conclusions

From previous research, Chapter 4, the shelf-life of DWG was increased 3-4 fold
with treatments using the HVACP system. In order to better understand how the system
was able to reduce the microbial load and therefore increase shelf-life, it is important to
evaluate the parameters that affect the treatments. Critical parameters associated with the
use of the HVACP system for optimal sterilization of the product were identified and
evaluated. The parameters tested included in-the-field and out-of-the-field (placement of
the package in the electrode field), composition of package gas used to fill the package,
treatment time, evaluation of bag size (volume), amount of sample (weight), analysis
delay time and grain depth (1cm, 2.5 cm and 4.5 cm).
All of the parameters tested showed that one variation of the parameter worked
better than another to reduce the microbiological load on the DWG product. The
parameters that were significant, in each of their own set of test; included treatment time
and package fill gas; they had the highest effect on microbial log reduction. It was drawn
from the results with MB discoloration that for HVACP treatments, using a package gas
with a higher oxygen concentration yields a higher initial elimination of microbial load.
By placing the sample directly in the electrode field, the treatment will have a higher
reduction in microbial load on DWG. Likewise, the higher treatment times, larger bag
sizes, running analysis immediately after treatment instead of 24 hours later and smaller
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amounts of sample result in a larger reduction of microbial load. These are all parameters
that can be adjusted on the HVACP system, fill gas and treatment time are the most
significant. Interactions between the parameters did not show any statistical significance.
There were no differences in the chemistry (crude protein, crude fiber, crude fat
and ash) and amino acid profiles for untreated and HVACP treated samples, suggesting
HVACP has no effect on changing DWG quality. This research was valuable in
understanding optimized process parameters specific to microbial inactivation of DWG
using HVACP and what would be essential to consider for the scale-up of the HVACP
system for the treatment of plant-scale quantities of DWG. It is imperative that we
understand how these parameters affect fungal inactivation efficacy in order to be able to
adjust the treatments product depth, amount and exposure time to create a co-product
with a shelf-life which far exceeds the current level.
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CHAPTER 6. SUMMARY AND CONCLUSIONS

6.1

Thesis Overview

This dissertation investigated the shelf-life improvement of distillers wet grains
with solubles. The overall goal of this project was to increase the shelf-life of wet
distillers grains by a factor of three from its current 3-4 days in warm summer conditions
and 5-7 days in cold winter conditions. The baseline of this research was to evaluate the
effect of temperature and inclusion of condensed distillers solubles (CDS) on the shelflife of DWG stored aerobically. These results allowed for the confirmation of the current
shelf-life expiration dates, along with an understanding of the effects of temperature and
CDS inclusion. The evaluation of these parameters led into the next section of this work
where microbial elimination on the DWG product by high voltage atmospheric cold
plasma (HVACP) and suppression by modified environment using carbon dioxide was
investigated. The treatment parameters proved to increase the shelf-life of DWG by at
least three folds, and therefore a further investigation into the critical parameters of the
HVACP system were evaluated. These results are reviewed in the sections below.
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6.2
6.2.1

Major Findings of the Objectives investigated

Objective 1: The effect of temperature and CDS on the shelf-life of DWG stored
aerobically
This study showed significant differences in moisture, aw, pH, FA and CO2 before

and after aerobic storage of DWGS with 0, 20 and 30% CDS content by weight stored at
10, 20 and 25°C. Temperature had the greater effect on the parameters measured than
CDS content. Of the parameters, which correlate to shelf-life, FA, pH and CFU values
were sufficient in expressing spoilage. The mycotoxin levels after seven days of storage
did not exceed safe level thresholds acceptable for use in feed. However, components
used in the direct method of shelf-life determination showed that spoilage of the DWGS
did occur within 7 days at both cool (10°C) and warm (20 or 25°C) temperatures and for
the three CDS content levels, and thus might be unpalatable for use as livestock feed. The
study indicated that DWGS deteriorated less at 10°C (cool weather) than at 20 or 25°C
(warm weather).
6.2.2

Objective 2: The effect of HVACP and CO2 and their combination on the shelflife of DWG
The overarching goal of this objective was to evaluate the effect of two treatments

and their combinations (HVACP, CO2, HVACP and CO2) in increasing the shelf-life of
DWG. Storage shelf-life tests were conducted to evaluate the efficacy of the three
treatments, 1) HVACP, 2) CO2 and 3) the combination of HVACP and CO2. It was
determined that treatments of HVACP and the combination of both HVACP and CO2
increased the shelf-life 3-4 folds in both warm (25°C) and cool (10°C) conditions based
on CFU/g of fungal counts on stored treated samples from 0 to 28 days measured at 7 day
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intervals. Treatments of CO2 increased shelf-life 4 folds at 10°C and 2 folds at 25°C. As
to be expected, the sensitivity of fungal species to the treatments, HVACP and CO2, was
influenced by post-treatment environmental factors in storage, such as temperature. All
the treatments stored at 10°C proved to be effective treatments having the largest log
reduction in CFU/g in comparison with the control untreated samples. For samples stored
at 25°C, the combination of HVACP and CO2 yielded the largest log reduction as well as
the lowest microbial load (Table 3), followed by CO2 suppression only and then HVACP.
While the primary species of HVACP treatment in MA, which reduces microbial loads
on biological substrates is O3, HVACP treatment also produces other gas species (many
which were not measured in this study) from the MA gas, and therefore would be quite
different from ozone treatments. Additionally, the effect of the electric field in HVACP
treatments on fungal species is unknown and was outside the scope of this study. Overall,
the combination of HVACP technology and CO2 suppression proved to increase shelf-life
of DWG, by eliminating fungal spores and suppressing residual fungal growth in storage
using CO2, and warrants further investigation as a method for food and feed preservation.
6.2.3

Objective 3: Identification and evaluation of critical treatment parameters for
increase in shelf-life of distillers wet grains

Critical parameters associated with the use of the HVACP system for optimal
sterilization of the product were identified and evaluated. The parameters tested included
in-the-field and out-of-the-field placement of the package in the electrode field,
composition of package gas used to fill the package, treatment time, evaluation of bag
size (volume), amount of sample (weight), analysis delay time (0 vs. 24h) and grain depth
(1, 2.5 and 4.5 cm).
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From previous research, the shelf-life of DWG was increased 3-4 fold with
treatments using the HVACP system. In order to better understand how the system was
able to reduce the microbial load and therefore increase shelf-life, it is important to
evaluate the parameters that affect the treatments. Critical parameters associated with the
use of the HVACP system for optimal sterilization of the product were identified and
evaluated. The parameters tested included in-the-field and out-of-the-field (placement of
the package in the electrode field), composition of package gas used to fill the package,
treatment time, evaluation of bag size (volume), amount of sample (weight), analysis
delay time and grain depth (1cm, 2.5 cm and 4.5 cm).
All of the parameters tested showed that one variation of the parameter worked
better than another to reduce the microbiological load on the DWG product. The
parameters that were significant, in each of their own set of test; included treatment time
and package fill gas; they had the highest effect on microbial log reduction. It was drawn
from the results with MB discoloration that for HVACP treatments, using a package gas
with a higher oxygen concentration yields a higher initial elimination of microbial load.
By placing the sample directly in the electrode field, the treatment will have a higher
reduction in microbial load on DWG. Likewise, the higher treatment times, larger bag
sizes, running analysis immediately after treatment instead of 24 hours later and smaller
amounts of sample result in a larger reduction of microbial load. Of all the parameters
that can be adjusted on the HVACP system, fill gas and treatment time are the most
significant. There was no statistical significance for the interactions between the
parameters.
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This research was used to better understand and optimize the process parameters
for microbial inactivation of DWG using the HVACP system. Future work will involve
applying these results to a scale-up of the system at an ethanol processing facility.
6.3

Future Work

The potential for application of HVACP treatments to other commodities,
specifically grains and high moisture feedstocks as a means to increase shelf-life can be
explored based on the positive results from this research. This research provided insight
and proof of the ability for the system to eliminate and suppress microbiological growth
on distillers wet grains (DWG), a coproduct from corn ethanol production having as high
as 70% moisture. While this study has shown up to three log reduction in microbial loads
for HVACP treated DWG and elongation of feedstock shelf-life by up to 4 folds, plantscale studies will need to determine feasibility of HVACP for commercial purposes.
Suppression of molds by CO2 was proven in this study and it appears that the
combination treatment of HVACP and CO2 would have a better efficacy should the MA
gas not be mixed with CO2, but rather CO2 can be introduced after treatment with
HVACP. A study to verify this would increase the efficacy of the combination treatment
should be pursued. Identifying individual microbial populations will also increase the
scope of this work. This information will allow one to better understand the efficacy of
the HVACP system on various microbes; fungi, yeasts, bacteria. Microbial profiling is
necessary when considering the log reduction, as some microbes may degrade better with
the HVACP treatment than others.
In the future, the information gathered in this work could be applied to design a
pilot-scale treatment of DWG or other wet feedstocks. As we work to increase food

178
safety and security there is great need for low-cost, safe and environmentally friendly
sterilization methods that would increase the shelf-life of biofeedstocks and high value
grain commodities by reducing their potential to deterioration by fungi. HVACP is one of
these options.
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